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Abstract 
Emerging Roles of the Protein Kinase MK2 in Spermatogenesis 
Patrick Allen Williams 
Todd Strochlic, VMD, PhD 
 
 
 
 
Developing male germ cells are highly sensitive to environmental stresses such as 
heat and oxidative damage.  The inability of these cells to mitigate such insults often 
results in germ cell apoptosis, a decline in the number of functional sperm, and reduced 
fertility.  Cells respond and recover from stress, in part, by activating specific 
intracellular signaling pathways.  Foremost amongst these is the p38 MAP kinase 
(MAPK) pathway, a stress-induced signal transduction pathway with well-established 
roles in eliciting protective responses in many cell types exposed to damage.  Upon 
activation, p38 phosphorylates and activates multiple substrates including the 
serine/threonine kinase MAPKAP kinase 2 (MK2); however, the precise role that MK2 
plays in regulating spermatogenesis is unknown.  In this work, we have identified two 
new germ cell-specific substrates of MK2, the RNA-binding protein Dazl (deleted in 
azoospermia-like) and HspA1L, a testis-specific heat shock protein of the Hsp70 family.  
We have determined the physiological functions of MK2-mediated phosphorylation of 
these proteins and the possible roles that these post-translational modifications may play 
in germ cell biology. These findings firmly establish a novel role for this kinase in 
regulating the stress response in developing male germ cells.  Moreover, our results lend 
support to a model in which spatiotemporal activation of MK2 may either promote or 
inhibit the process of spermatogenesis in response to stress. 
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Chapter 1 – Background and Introduction of p38 MAPK and 
MAPKAP Kinase 2 
 
 
Infertility affects roughly 15% of the global population, with men and women 
sharing this burden equally (CDC). Infertility is broadly defined as the inability to 
produce offspring by natural means, and very often, the exact cause of infertility in a 
patient is undiagnosed. One observation is that developing germ cells, in contrast to 
somatic cells, are exquisitely sensitive to exogenous stresses including hyperthermia, 
toxins, and infections [1]. This susceptibility to stress leaves germ cells prone to 
premature cell death when exposed to even mild stresses such as transient bouts of 
hyperthermia [1]. In response to this, germ cells have rewired kinase signaling cascades 
to respond to these cellular stresses and mitigate them. In this dissertation, we seek to 
understand how the protein kinase MAPKAP kinase 2, an effector kinase of p38 MAPK, 
plays novel roles in this process. 
Chapter 1.1 – Spermatogenesis 
 
Chapter 1.1.1 - The Genetic and Morphological Processes of Spermatogenesis 
 
Spermatogenesis is the cellular process by which diploid, undifferentiated 
germline stem cells undergo both mitotic and meiotic divisions to generate highly 
specialized and differentiated haploid spermatozoa. The molecular underpinnings of this 
process are highly regulated and require the coordination of many pathways including 
proper chromosome replication, separation, cell differentiation, and sperm development 
[2-4].  
Unlike most cells in the body, germ cells undergo both mitotic and meiotic 
divisions. Meiosis is the sequential process of copying and separating the maternal and 
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paternal chromosomes (or homologs) from a diploid cell (often denoted 2N) to generate a 
haploid cell (denoted N) (Figure 1).  First, during the period between cell divisions called 
interphase, the homologous chromosomes are duplicated, generating maternal and 
paternal sister chromatids. These cells contain twice the amount of genetic information 
(4N) as a typical somatic cell (2N). With the onset of meiosis I, the maternal and paternal 
sister chromatids align with their homologues during prophase I. The steps of prophase I 
can be further broken down into five sub-stages (leptotene, zygotene, pachytene, 
diplotene, and diakinesis) with failure at any stage leading to inadequate pairing of 
chromosomes, mis-segregation, and defects in homologous recombination. Homologous 
recombination (also referred to as “crossing over”) during prophase I is important 
because it results in the exchange of genetic information between maternal and paternal 
homologous chromosomes by coordinated DNA double-strand breaks and leads to 
genetic variability. This process is coordinated by the DNA-repair proteins, SPO11, 
RAD51, and DMC1 as well as others [5-8], and without the proper pairing that occurs 
during prophase I of meiosis I germ cells will undergo cell cycle arrest leading to a deficit 
in functional mature germ cells [9, 10]. After prophase I, chromosomes align along the 
metaphase plate during metaphase I, and subsequently move along the meiotic spindle 
towards the polar ends of the cell during anaphase I. Telophase I and cytokinesis are the 
stages whereby the newly segregated chromosomes, now at the poles of the cell, are 
permanently separated into new cells by enclosing them in two new daughter cells that 
are 2N. During the process of meiosis II, which immediately follows meiosis I, the 2N 
cells undergo a second, almost phenotypically identical process of prophase, metaphase, 
anaphase, telophase and diakinesis. However, this results in the separation of the sister 
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chromatids at the centromere and the generation of 4 haploid (N) germ cells, with a single 
copy of each of the chromosomes.  
The process of spermatogenesis is also characterized by a host of morphological 
changes that occur spatially and temporally (Figure 2). Spermatogenesis begins in 
spermatogonial stem cells or spermatogonia, which reside within the basal lamina of the 
seminiferous tubules of the testis. These spermatogonia differentiate through mitotic 
division to give rise to primary diploid spermatocytes. The primary spermatocytes then 
undergo two rounds of meiosis. The first round of meiosis (meiosis I) gives rise to 
secondary spermatocytes that are 2N. The second round of meiosis (meiosis II) results in 
the production of spermatids, which now contain half of the genetic information as 
before, and are now haploid; one primary spermatocyte produces 4 haploid spermatids. 
These spermatids are the precursors to functional spermatozoa, which are characterized 
by morphological features including an acrosomal head and tail or flagellum that arise 
during the process of spermiogenesis.  
Male germ cell development takes place within the seminiferous tubules of the 
testis in a highly synchronized fashion, with less differentiated cells residing in the outer 
part of the tubule (Figure 2). The progression towards the center of the tubule (i.e. the 
lumen) roughly correlates with the degree of differentiation the germ cell has undergone, 
with differentiated and elongated spermatids being closest to the luminal surface. In a 
cross-sectional view of the seminiferous tubule, germ cells at varying degrees of 
differentiation are readily apparent. However, the progression of germ cells does not 
occur stochastically, but rather in coordinated stages. Moreover, this can be further 
subdivided into various stages designated by Roman numerals I-XII and are distinguished 
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from the more morphologically mature spermatids, with stages of spermiogenesis 
designated by Arabic numerals. For instance, a stage II-III tubule consists of type A 
spermatogonia in mitosis, pachytene spermatocytes, and 2-3/14 spermatids with none of 
these being present in a stage IV tubule.  
In addition to germ cells, the testis contains a supporting cell type known as the 
Sertoli cells. These cells reside between the developing germ cells and have roles in the 
development of the gonads and seminiferous tubules, providing cues to the developing 
spermatocytes and contributing to the overall architecture of the seminiferous tubule 
(Figure 2). Evidence demonstrates that the presence of Sertoli cells is absolutely required 
for germ cells to develop and that Sertoli cell number is proportional to testis size, germ-
cell number, and mature spermatozoa output [11]. First, Sertoli cells provide structural 
support for anchoring and orienting the developing spermatocytes in the seminiferous 
tubule epithelium. This anchoring is accomplished by two types of cell-cell junctions – 
desmosome-like junctions and ectoplasmic specializations, which consist of multiple 
types of actin-associated junctions (cadherin/catenin, nectin/afadin/ponsin complexes, 
and integrin/laminin complexes) [12-14]. These junctions facilitate the movement and 
differentiation of pre-leptotene spermatocytes from the basal lamina, towards the lumen, 
where the fully differentiated spermatozoa are released. 
Not only are these tight junctions important for Sertoli cell-spermatocyte 
interactions, but they are also important for Sertoli cell-Sertoli cell interactions, with 
these interactions constituting the blood-testis barrier (BTB) (Figure 2). The blood-testis 
barrier (BTB) exists towards the periphery of the seminiferous tubule where adjacent 
Sertoli cells are attached to one another via tight junction complexes that prevent passage 
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of cells and larger molecules (no greater than 1kDa), dividing the tubule into two distinct 
compartments. The compartment between the basal membrane (outermost membrane) 
and the BTB is called the basal compartment and is the site at which germ line stem cells 
up to pre-leptotene spermatocytes exist. Inner to that compartment, from the BTB to the 
lumen, is termed the apical (also known as the adluminal) compartment, which is where 
spermatocytes undergoing meiosis and further spermatid differentiation occurs [15]. 
Upon the onset of meiosis in the spermatocyte, the tight-junction complexes between 
Sertoli cells are reorganized to allow passage of pre-leptotene spermatocytes from the 
basal compartment to the adluminal compartment to undergo meiosis and differentiation.  
Therefore, the BTB provides a selective barrier, which protects the seminiferous tubule 
and provides a suitable environment for spermatocytes to develop in addition to the 
compartmentalization of undifferentiated spermatocytes and differentiated spermatids.  
In addition to this spatiotemporal regulation of developing spermatocytes, Sertoli 
cells also support the developing spermatocytes with various nutrients, growth factors, 
metabolites, and hormones [16-21]. Sertoli cells are the only cells that reside within the 
testis that contain receptors for two critical hormones important for spermatocyte 
development, follicle-stimulating hormone (FSH) and testosterone. Binding of the 
hormone FSH to the FSH receptor results in the activation of a variety of molecular 
signal transduction pathways including cAMP-PKA, mitogen activated protein kinase 
(MAPK) pathway, calcium signaling pathways, phospholipase A2, and the 
phosphatidylinositol 3-kinase (PI3K) pathway, all of which lead to various changes in 
Sertoli cells that regulate germ cell development.  
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Classically, the hormone testosterone binds to intracellular receptors/steroid 
receptors such as the androgen receptor, entering the nucleus to induce transcription of 
target genes [22]. In mice, knockout of the androgen receptor in Sertoli cells led to 
normal testis development; however, there was a marked absence of both immature and 
mature spermatocytes [23]. Thus, testosterone and FSH are both important in inducing 
molecular changes in the Sertoli cells, leading to the control of the development of 
spermatocytes. 
Chapter 1.1.2 – Drosophila Spermatogenesis 
 
Mammalian spermatogenesis is a spatiotemporally organized process that requires 
a high level of coordination between somatic cells and germ cells. Many parallels can be 
drawn between the process of spermatogenesis in mammals and the corresponding 
process in the fruit fly, Drosophila melanogaster. 
Drosophila melanogaster is a model organism often used to analyze complex 
biological problems in a simplified genetic system. Apart from the practical 
considerations of maintaining flies (i.e. small, inexpensive, short-breeding time), there 
are many advantages to using this organism. First, the process of spermatogenesis is well 
defined in the fruit fly, with characteristic phenotypic changes occurring at well-defined 
time points, allowing for easy visualization of the entire process [24]. Second, there have 
been many genetic tools developed that allow for tissue-specific expression of a gene of 
interest such as the commonly used GAL4-UAS system [25]. Third is the utilization of 
balancer chromosomes, which encode visible genetic markers and allow fly populations 
to be visually screened while performing genetic crosses. Finally, many if not most 
molecular and biological processes that occur in humans also occur in flies, with an 
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estimated 60-75% of disease causing genes of humans having a functional equivalent in 
the fly [26]. This makes flies both useful and highly relevant for studying human disease 
pathology.  
Much like mammalian spermatogenesis, the process of spermatogenesis in the fly 
has well-defined, phenotypically characteristic stages. Very broadly, undifferentiated 
germ-line stem cells (GSCs) first divide mitotically during a step of cellular amplification 
and then proceed through two rounds of meiosis to give rise to haploid gametes (Figure 
3). These stages progress spatially and temporally along the length of the testis, with 
drastic phenotypic changes observable visually with the use of a simple light microscope. 
To begin, the GSCs exist at the apical end of the testis and consist of diploid cells that 
reside adjacent to “the hub”, a collection of somatic cells that maintain and nourish the 
GSCs with various cytokines [27-29]. Specifically, GSCs receive signals secreted from 
the hub cells that lead to the activation the JAK-STAT pathway within the GSCs – with a 
major ligand contributing to this being unpaired (upd) [29, 30]. The activation of the 
JAK-STAT pathway within GSCs retains these cells in a quiescent, undifferentiated state 
[31]. Division of the GSC attached to the hub results in two asymmetric daughter cells – 
a GSC that remains at the hub, and a gonialblast (GB), which will undergo further 
differentiation and spermatogenesis [27, 32]; in this way, the GSC population is 
maintained while also producing a cell for spermatogenesis. Upon departure from the 
hub, the GB moves along a decreasing gradient of upd, and decreased stimulation of the 
JAK-STAT pathway, leading to activation of the spermatogenic program [29]. 
Gonialblasts, once released from the hub after cell division will be encapsulated by 
another somatic population of cells in the niche, the somatic cyst stem cells (CySCs) [33]. 
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These cells encapsulate the GB and provide support and nourishment during further 
differentiation [33]; the CySCs are analogous to the Sertoli cells present during 
mammalian spermatogenesis, maintaining the developing spermatocyte. Upon exiting the 
niche, GBs, now surrounded by the CySCs [33], undergo four rounds of mitosis with 
incomplete cytokinesis, resulting in a 16-cell spermatocyte cyst [34]. Accumulation of 
the transcription factor bag of marbles (bam) is required during this step of 
differentiation, with loss of bam leading to incomplete or absent differentiation [35, 36].  
 After mitotic amplification, the resulting 16-cell spermatocyte cyst enters meiotic 
divisions to generate 64 haploid spermatids [37]. This stage, referred to as the “onion 
stage” is phenotypically distinct and is so named because it resembles an onion in cross 
section. Specifically, a phase-light nucleus that is juxtaposed to a phase-dark, 
mitochondrial aggregate (termed a nebenkern) that is discernable using phase contrast 
microscopy [37]. The Cdc25 homolog twine was found to be an important meiotic 
regulator of this process, with the loss of twine expression resulting in incomplete 
meiosis and the accumulation of pre-meiotic spermatocyte cysts [37, 38]. Upon 
completion of meiotic divisions, the haploid spermatids undergo the process of 
spermiogenesis that includes elongation and further differentiation to generate mature 
spermatozoa before exiting the testis [39].  
Chapter 1.1.3 – Spermatogenesis and Stress 
 
Germ cells are exquisitely sensitive to endogenous and exogenous stresses [1]. 
Moreover, it is known that developing male germ cells are more susceptible to stress at 
certain stages of development. For example, it has been shown that transient 
hyperthermia of the testis induces stage-specific activation of apoptosis in pachytene 
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spermatocytes and early spermatids (steps I-IV) as well as during pachytene, diplotene, 
and dividing spermatocytes at later stages (XII-XIV) [40]. In contrast, it has been 
reported that spermatogonia and spermatozoa are more resistant to heat, further 
highlighting the stage-specific sensitivity to this particular type of heat stress [41]. Other 
stresses such as hormone deprivation, exposure to chemical agents, such as 
cyclophosphamide, and ionizing radiation also seem to affect the health and survival of 
developing male germ cells at spermatocyte-specific stages [42-44]. Although the stage-
specific sensitivity of male germ cells is most likely due to a myriad of complex 
molecular pathways, it can partly be explained by differential gene expression during 
male germ-cell development, which is regulated at both the transcriptional and 
translational level [45-47]. A recent study analyzed the expression of 216 stress-related 
genes in isolated rat germ-cells, which included pachytene spermatocytes as well as 
round and elongating spermatids. While about half of these stress-associated genes were 
expressed in all three cell types, about a quarter were differentially expressed in 
pachytene spermatocytes and round (early) spermatids but not in the more differentiated, 
elongated spermatids [45]. These results demonstrate that the spermatocyte-stress 
response is dependent not only on the type of stress, but also the stage of the 
spermatocyte itself. 
While most cells, including germ cells, utilize many mechanisms for mitigating 
these stresses to preserve germ-cell integrity, one molecular pathway, the p38 MAPK 
kinase signaling cascade, represents one of the most well characterized stress response 
cascades utilized to mitigate stress. 
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Chapter 1.2 – The p38 MAPK signaling Cascade 
 
Chapter 1.2.1 – p38 MAPK  
 
The primary role of the serine/threonine protein kinase p38 MAPK is to function 
as a signal integrator, consolidating many inputs from the plasma membrane transduced 
through several upstream kinases, which ultimately converge on p38 MAPK, 
phosphorylating and activating it. The p38 MAPK family of proteins has 4 homologous 
but distinct isoforms designated α, β, γ, or δ (also denoted MAPK11-14). All four 
isoforms differ in their sequence, chromosome location, activity level, downstream 
targets, and tissue-specific expression patterns (Table 1). p38α, originally identified in 
1994, and with a similar homology to the yeast kinase HOG1, was shown to be 
phosphorylated in response to lipopolysaccharide (LPS) induced stress in macrophages 
[48-50].  Further studies demonstrated that a substrate of p38α was the kinase 
MAPKAPK2 (MK2) and that phosphorylation of this kinase led to the phosphorylation of 
the small heat shock protein Hsp27 [51, 52].  
The family of p38 MAPK isoforms is often subdivided into two groups, with one 
group containing p38α and p38β and the second group consisting of p38γ (ERK6 or 
SAPK3) and p38δ (SAPK4). One reason for this distinction is that the activity of p38α/β 
MAPK can be inhibited by the compound SB203580, a cytokine-suppressive, anti-
inflammatory drug; however, comparable doses of SB203580 are insufficient to inhibit 
p38γ or p38δ [53]. Additionally, p38α and p38β share 75% homology with each other 
while p38γ/p38δ share ~65% homology with p38α; p38γ/p38δ are 70% homologous to 
each other [54]. 
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p38 MAPK localizes to the nucleus and/or cytoplasm, depending on its 
phosphorylation status. In response to environmental stress or DNA damage, p38 
translocates from the cytoplasm to the nucleus, where it functions to phosphorylate its 
substrates [55-57]. However, it has been shown that p38 MAPK can bind to one of its 
substrates, MK2, through a complex that includes Akt and Hsp27, and this could 
influence its localization as well [58, 59]. Indeed, it has been shown that p38 can also be 
shuttled out of the nucleus into the cytosol in response to stress, perhaps by relying on 
this complex formation with MK2, Akt, and Hsp27 [58, 59]. 
Expression of the various isoforms of p38 MAPK is also tissue specific, with 
p38α/β being ubiquitously expressed, while p38γ is expressed primarily in skeletal 
muscle and p38δ mainly in testis, pancreas, kidney, and small intestine [54, 60, 61].  
Structurally, p38 consists of two distinct “lobes” that form a catalytic cleft where 
substrate binding occurs [62, 63]. p38 MAPK recognizes its specific substrates by virtue 
of the cleft that is formed from the orientation of these two lobes, and this orientation is 
distinct from other stress-associated MAPKs [62, 63].  
The crystal structures of p38α, p38β, and p38γ MAPK have been described. When 
comparing the isoforms of p38, ATP binding occurs at the N-terminal domain, and the C-
terminal domain contains the catalytic base, magnesium binding sites, and 
phosphorylation lip [62, 63]. However, there are structural differences observed across 
the isoforms of p38, lending insight into how these proteins are functionally distinct. For 
instance, although p38α and p38β are highly homologous, their differences lie in the 
orientation of the N- and C-terminal domains, which forms a pocket or cleft for substrate 
binding [62, 63]. Due to the reduced size of this pocket within p38β, it has a lower 
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binding affinity for ATP [64]. Another distinction among isoforms p38α and p38γ, is that 
p38γ could possibly exist as a monomer in contrast to other MAPK family members that 
often form dimers upon activation by phosphorylation [65].  
Activation of p38 MAPK by upstream kinases occurs by phosphorylation within 
the activation loop. The primary amino acid sequence within this loop has tyrosine and 
threonine residues within the context of a Thr-Xaa-Tyr motif, which are both 
phosphorylated. This motif located within the activation loop is shared across all the 
MAPK family members (i.e. ERK, JNKs, and p38). However, the overall tertiary 
structure of p38 MAPK specifies the upstream activator required for phosphorylation, 
and is what distinguishes p38 from other MAP kinases [66]. Once dually phosphorylated, 
there is a global conformational shift that alters the alignment of the N- and C-terminal 
domains and increases substrate binding [66, 67]. 
Finally, it has been reported that p38α can be alternatively spliced, generating a 
smaller protein Mxi2, which shares the first 280 amino acids of p38α but has a unique C-
terminus [68, 69]. This protein, although similar in primary amino acid sequence, differs 
significantly in its overall surface structure, which has profound effects on the ability of 
Mxi2 to bind to known p38α substrates [70]. In fact, Mxi2 was shown to be important for 
ERK1/2 function, prolonging its activation and localization [71]. 
p38 MAPK represents a signaling node that lies downstream of many different 
upstream activators, which become activated by a variety of cellular stresses. While the 
variety of exogenous stresses are numerous and activate numerous upstream signaling 
kinases, there are canonical activators that will be explored here.  
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Chapter 1.2.2. – Upstream Activation of p38 MAPK 
 
Activation of p38 MAPK occurs as a consequence of environmental stresses such 
as heat, osmotic stress, inflammatory cytokines, and oxidative stress [72-77]. The series 
of events that occurs prior to p38 MAPK phosphorylation and activation can be 
generically summarized (Figure 4). MAP kinase kinase kinases (MAPKKKs or MAP3K) 
become phosphorylated in response to an environmental stress. These MAP3Ks 
phosphorylate the MAPK kinase kinases MKK3/6 and MKK4, which then go on to 
phosphorylate p38 MAPK. Unfortunately, the number of activators is numerous and it 
often becomes difficult to discern single specific activators of the p38 MAPK pathway, 
due to a high degree of cross-talk with other pathways. Nevertheless, there are classical 
pathways that have been well described that will be explored here. 
MAPKKKs and their Activators 
The MAP3Ks that are specific to p38 are ASK1, TAB1/TAK1, and DLK, all of 
which have upstream activators that are sensitive to a plethora of stresses. The MKKKs 
TAB1/TAK1 are activated through a TGFb receptor-dependent mechanism and provide 
the ability to activate p38 in the presence of TGFb, an inflammatory cytokine important 
for cellular processes such as proliferation and differentiation [78]. The presence of 
TGFb (a known activator of p38) induces a conformational shift in TGFbR, that has a 
higher affinity for TAK1 with TGFbR. Upon TAK1 binding to TGFbR, a complex is 
formed with TAB1 leading to autophosphorylation of the protein complex and activation  
of the pathway [79].   
ASK1/2 is another set of upstream MKKKs, with a classical activator being the 
inflammatory cytokine TNF-a. Under non-stress conditions, ASK1 associates with the 
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negative regulators Trx and 14-3-3 proteins that actively degrade or inhibit the function 
of ASK1. In the case of Trx, TNF-a induces localized reactive oxygen species near the 
plasma membrane, which oxidize two critical Cys residues on Trx. [80]. This oxidation 
leads to the dissociation of Trx from ASK1, stabilizing ASK1 and allowing it to function 
as a p38 MAPK activator [80, 81]. In the case of 14-3-3 proteins, TNF-a induces the 
association of ASK1 with ASK1-interacting protein (AIP1), leading to the dissociation of 
14-3-3, which negatively regulates ASK1 [82, 83]. With activation of ASK1 through 
either of these mechanisms, it can activate the MAPK cascade, leading to p38 MAPK 
activation.  
Duel Leucine Zipper-Bearing Kinase (DLK), another activator of p38 MAPK, can 
become activated in response to axonal injury as well as DLK overexpression. [84, 85] 
Additionally, DLK activation is not affected by the activity of Rac/Cdc42/Pak, making it 
a distinct upstream activator or p38 by targeting of MKKs. 
MAP3Ks can also be activated by members of the Rho-GTPase family of small 
G-Proteins, Cdc42 or Rac. Briefly, in the presence of IL-1, Cdc42 or Rac bind to a family 
of kinases termed Paks (p21-activated kinases) when in their active, GTP-bound state 
[86]. The active state of Rac/Cdc42 leads to activation of the Paks and activation of 
downstream MKKKs, though the specific Pak(s) involved was not determined.   
 
MKKs 
Activated MAPKKKs then target and phosphorylate the MAP kinase kinases or 
MKKs.  The MKKs essential for p38 MAPK activation are MKK3/6 (also termed 
SKK3), which are dual-specificity kinases and target the conserved activation loop within 
		
15	
p38.  MKK3/6 are potent activators of p38 MAPK and have no preference for the other 
SAPKs, JNK and ERK1/2 [87-89]. MKK3 or MKK6’s preference for p38 MAPK is not 
definitively understood. This preference is affected by the type of stimulus as well as the 
strength of the stimulus, the cell or tissue type, and the p38 isoform involved [90-92]. 
Further complicating matters is the observation that both MKK3 and MKK6 are partially 
redundant, as knockout of either one alone is not embryonic lethal however knockout of 
both is [90, 91, 93]. It has also been reported that MKK4, known to activate JNK, can 
target and partially activate the fourth isoform p38d is certain cell types, however under 
non-standard conditions that cells would generally not experience in vivo [54, 94].  
Chapter 1.2.3 - Alternative Mechanisms of p38 MAPK Activation  
It has been demonstrated that TAB1 can directly interact with p38a MAPK, by-
passing the canonical mechanism of MKKK/MKK activation, which leads to 
autophosphorylation of p38 [95-97]. This has been demonstrated in two separate 
instances. First, in response to infection by the intracellular protozoan parasite 
Toxoplasma gondii, macrophages produce the inflammatory cytokine IL-12 through a 
p38 MAPK-dependent mechanism [96]. This activation was independent of MKK 
activity and ultimately dependent upon p38 MAPK autophosphorylation. 
 
Chapter 1.2.4 - Switching off p38 MAPK  
 
Although not often discussed, p38 MAPK dephosphorylation is required for its 
inactivation. This is accomplished by dual-specificity phosphatases (DSPs or DUSPs) 
aptly named MAPK kinase phosphatases (MKPs) that remove phosphate from tyrosine or 
threonine residues within the activation loop of MAP kinases [98]. The main family of 
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phosphatases for MAP kinase family members are the MAP kinase phosphatases 
(MKPs), though not all proteins within this family exclusively target p38 MAPK [99]. 
MKP-8, which is localized to the nucleus, is able to dephosphorylate p38 MAPK, and 
inhibit its downstream activity [100]. Another DSP, termed PP2C, has been shown to 
directly dephosphorylate p38 MAPK and this inactivation is important for platelet 
aggregation by the modulation of collagen and impairs aggregation of platelets [101].  It 
has been noted that while there are tyrosine/threonine dual specificity-phosphatases, there 
also exists tyrosine-specific or threonine specific phosphatases, resulting in 
monophosphorylated p38 MAPK. The significance of this is not yet well documented or 
characterized, but could be important in understanding p38 MAPK activation, substrate 
specificity, and overall activity [102].  
Chapter 1.3 – Roles of p38 MAPK in Germ Cells 
 
Chapter 1.3.1. - Acrosome Reaction and Sperm Motility 
 
 The acrosome and tail are defining features of mature sperm and are essential for 
sperm motility and binding/entry into the female oocyte during fertilization, respectively 
[103]. While data directly implicating p38 MAPK in mature, fully differentiated sperm 
are sparse, some studies have documented both the presence and functional significance 
of p38 in fully motile sperm [104, 105]. In humans, phosphorylated p38 MAPK was 
detected in spermatozoa and primarily localized in the upper mid piece of sperm [104]. 
Motility of sperm was also increased when p38 MAPK was inhibited in the sperm of 
human donors with the use the p38 inhibitor SB203580, indicating a negative role of p38 
MAPK in sperm function [104]. Interestingly, although there was no crosstalk observed, 
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p38 MAPK seems to compete with the ERK pathway, which was found to be a positive 
regulator of sperm motility [104]. 
  Despite the inhibitory role of p38 in regulating sperm motility, the acrosome 
reaction, the required process for spermatozoa to penetrate the zona pellucida of the 
female ovum, is positively regulated by both the ERK and p38 MAPK pathways. 
Inhibition of either p38 or ERK using the small molecule inhibitors SB203580 and 
PD169316 or the MEK inhibitors PD98059 and U0126, respectively, abrogated the 
acrosome reaction in motile human sperm in the presence of PMA (an activator of protein 
kinase C) [104].  
Chapter 1.3.2. - p38 MAPK as determinant of germ-cell sex 
 
 During embryogenesis, the future gonads of the embryo are partially populated 
with germ cells or gonocytes, and ultimately, it is these cells that give rise to the gametes 
of the organism. This differentiation and migration is controlled by extra and intracellular 
cues received by the gonocytes from the environment. During this process, those cells 
destined to reside in the ovaries, with the sex chromosomes XX, will undergo meiosis, 
enter into prophase I, pass through subsequent stages of meiosis I and II, ultimately arrest 
as diplotene oocytes. In contrast, male embryos with germ cells having XY sex 
chromosomes will arrest at G1 of the cell cycle, delaying entry into meiosis until after 
birth, with resumption of meiosis occurring during puberty. This process of either cell-
cycle progression in the case of XX gonocytes or cell-cycle arrest in the case of male 
gonocytes, is one of the defining steps of gonad development during embryogenesis. In 
both male and female mice, this event occurs at 13.5 days post coitum, with resumption 
of the cell cycle a few days after birth in both XX and XY cells.  
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 This process of cell-cycle arrest has been shown to be dependent on p38 MAPK 
signaling. [106] To this end, XY gonocytes had higher levels of phospho-p38, with 
expected mitotic arrest of these cells.  Interestingly, with the use of the p38 MAPK 
inhibitor SB203580, the mitotic arrest was lost, and XY gonocytes were shown to enter 
meiosis characterized by an increase in the meiotic marker SYCP3, following an XX 
lineage.  
 Other evidence has implicated a role for p38 MAPK in gonadal sex reversal 
through the regulation of the gene Sry, a transcription factor responsible for male sex 
determination. [107] Initial observations demonstrated that an upstream activator of p38 
MAPK and JNK, MEKK4 was important for testis determination in the mouse. Loss of 
MEKK4 in mice resulted in gonad sex reversal in gonads that were genetically male (i.e. 
XY) but developed into phenotypically female gonads, with ovarian morphology at 14.5 
days postcoitum and reduced expression of Sry. [108] Further data suggest that in 
addition to MEKK4, the member of the GADD45 family of nuclear proteins and activator 
of p38 MAPK, GADD45𝛾, was important for this process of Sry expression. [109-111] 
Loss of GADD45𝛾 in mice led to a decrease in p38 MAPK phosphorylation. This group 
speculated that activation of GADD45𝛾 resulted in p38 MAPK activation, Sry 
expression, and male gonad sex determination. [109] 
 
Chapter 1.3.3 - p38 and Germ Cell Death 
 
 The role of p38 MAPK in apoptosis in response to cellular stresses has been 
demonstrated, and this occurs through activation of the caspases. Because p38 is one of 
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the main stress-associated MAPKs, its activity in germ cells is unsurprising, due to germ 
cell sensitivity to stress.  
 Caspases represent one of the classic ways that cells induce apoptosis. Currently, 
caspase-mediated apoptosis operates through two main pathways, the intrinsic or 
mitochondrial-associated pathway and the extrinsic pathway, comprised of death 
receptors. Withdrawal of testosterone or gonadotropins, or exposure to transient 
hyperthermia resulted in the activation of p38 MAPK, and upregulation of inducible 
nitric oxide synthase, which ultimately led to apoptosis through the intrinsic pathway in 
rats. More specifically, hormone withdrawal resulted in the activation of p38 MAPK as 
evidenced by increased phosphorylation. The increase in p38 activity led to an 
upregulation of iNOS that was attenuated by the p38 MAPK inhibitor SB203580. The 
elevated iNOS activity resulted in DNA fragmentation as well as increased cytosolic 
cytochrome c and DIABLO, characteristic markers of intrinsic apoptotic activation [112].  
 When examining the contributions of the intrinsic and extrinsic pathways, it 
becomes much harder to discriminate how much each contributes to cellular apoptosis. 
Transient heat stress induced in the testis of monkeys resulted in the activation of caspase 
2 and resulted in germ-cell death as detected by TUNEL staining [113]. Importantly, the 
introduction of a caspase inhibitor in rats resulted in decreased cleaved caspase 2 as well 
as decreased cytochrome c release from mitochondria, indicating a pivotal role of caspase 
2 in mediating apoptosis in germ cells. Interestingly, the use of a caspase inhibitor 
attenuated p38 phosphorylation, indicating that p38 activation results from caspase 2 
activity [114]. Overall, there could indeed be p38-mediated crosstalk between intrinsic 
and extrinsic pathways in germ cells. 
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 One mechanism of cell death in male germ cells is through the activity of the 
calpains, a family of intracellular, calcium-dependent, neutral, cysteine proteases [115]. 
Calpains are a superfamily of 12 different members that form heterodimers of catalytic 
and regulatory subunits of 78 kDa and 29 kDa, respectively. Their activity is largely 
dependent on the presence of calcium, with binding of the divalent metal occurring 
within the core of the catalytic subunit. Of the 12 human calpains genes, the expression 
of only 1, 2, and 11 have been observed in the testis [116].  In one study, rats were 
exposed to a heat stress in the presence of calpain inhibitors, and germ cell apoptosis was 
observed using TUNEL staining [117]. In the presence of calpain inhibitors, those rats 
exposed to heat stress had lower TUNEL staining compared to those without inhibitors 
[117]. Furthermore, upon calpain activation, active phosphorylated p38 was observed, 
indicating that calpain-associated cell death occurs through p38 activity [117].   
 Another mechanism of cellular stress-associated germ cell death that is dependent 
on p38 involves two membrane-bound extracellular metalloproteases TACE/ADAM17 
and ADAM10 [118]. These proteases participate in germ cell death in the face of a 
variety of stimuli such as DNA damage as well as in typical germ cell development [118-
120]. Relatedly, upon exposure to exogenous toxins, mainly bisphenol A and 
nonylphenol, germ cells within the rat testis undergo ADAM17-mediated apoptosis that 
is dependent on p38 MAPK activation [120]. 
Chapter 1.3.4. - p38 and Sertoli cell/adherens junctions 
 
One critical step for developing germ cells during spermatogenesis is the 
transition of type A and B spermatogonia into preleptotene/leptotene spermatocytes 
across the blood-testis barrier (BTB) from the basal compartment to the adluminal 
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compartment. This dynamic structure creates a barrier that is made up of tight junctions 
formed between Sertoli cells and protects developing germ cells [12-14]. The crossing of 
spermatogonia across this barrier is mediated through chemokine signaling events that 
temporarily break down the BTB, allowing passage of these cells. The crossing of 
spermatogonium into the adluminal compartment marks an important spatiotemporal 
transition for developing sperm, which culminates in the development of spermatids and 
release into the lumen of the tubule [121-123]. 
 The p38 MAPK pathway has been shown to be important specifically for the 
movement of preleptotene and leptotene spermatocytes across the BTB during normal 
sperm development. Key to this process are the Sertoli cells, which are the somatic cells 
that spatiotemporally support the developing spermatocytes through direct interactions 
and cytokine secretions. Presence of the inflammatory cytokine TGFβ, the levels of 
proteins involved in tight junction (TJs) complexes, such as occludin and ZO-1, decrease, 
leading to disruption of the TJs and BTB permeability, allowing for movement of the 
spermatocytes across this barrier. With the administration of the p38 inhibitor SB202190, 
the disruption of the TJ barrier was mitigated with stimulation of TGFβ, with failure of 
spermatocytes to cross the BTB. Moreover, the other related MAPKs JNK and ERK were 
not involved [124].  
 Toxins have also been implicated in the disruption of the BTB, by activating the 
p38 MAPK pathway and increasing TJ permeability unnecessarily. One such toxin is 
perfluorooctanoic acid (PFOA), which is persistent in the environment and easily 
permeates into drinking water [125, 126]. In one study, exposure of mice to PFOA 
resulted in damage to the BTB of male mice, with an increase in permeability as well as 
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decreased fertility [127]. Disruption of the TJ-barrier was observed at the protein level, 
with a decrease in both occludin and claudin-11 (TJ proteins). This decrease in TJ 
proteins was met with a dose-dependent increase in phosphorylated-p38, with no increase 
in cell death. Concurrently, levels of TNFα, a known stimulator of p38, was increased in 
the medium of PFOA-treated Sertoli cells, which was ablated with the use of the p38 
MAPK inhibitor SB203580 or PFOA withdrawal [127]. Similar observations were seen 
with the use of another toxin, perfluorooctane sulfonate (PFOS), in mice, where an 
increase in the BTB permeability was observed with PFOS treatment that was dependent 
on p38 MAPK activity [128]. These experiments reveal one mechanism by which the 
BTB can be disrupted by exogenous chemicals, leading to a disruption of normal BTB 
architecture and spermatocyte transition that is p38 MAPK-dependent. 
  
Chapter 1.4 – MAPKAP Kinase 2 and its Downstream Targets 
 
Chapter 1.4.1 – MAPKAP Kinase 2 
 
 p38 MAPK has many downstream targets, many of which have not been explored 
here. However, historically, one kinase, MK2, has been highly characterized and 
represents a major effector kinase of p38. This kinase has been implicated in many 
important processes such as inflammation, however, MK2 has no demonstrated function 
in germ cells or spermatogenesis. 
The first kinase identified as a target of p38 MAPK was MAPKAP kinase 2, often 
abbreviated MK2. MK2 is a serine/threonine protein kinase that was initially described as 
being important for the generation of an inflammatory response by regulating the 
biosynthesis of inflammatory cytokines, such as TNFα, IL-6, and IL-8 [129].  
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MK2 has several domains that can undergo confirmation changes upon p38 
MAPK-dependent phosphorylation, which lead to changes in the overall function of MK2 
(Figure 5). The N-terminal domain of MK2 is proline rich and resembles a Src-homology 
3 (SH3)-binding motif. Domain-specific experiments demonstrate that the N-terminal 
domain binds SH3 domains of substrate proteins, such as the tyrosine kinase c-abl; 
however, this domain does not seem to be important for binding to other MK2 substrates 
that do not have SH3 domains, such as Hsp25 [130]. Immediately adjacent to the N-
terminal domain of MK2 is the catalytic domain, which has been reported to most closely 
resemble the calmodulin-dependent protein kinases II and IV, with 35-40% homology 
[131]. The catalytic domain is responsible for the phosphorylation of MK2 substrates 
that, in general, contain a consensus sequence of Xaa-Xaa-Hyd-Xaa-Arg-Xaa-Xaa-Ser-
Xaa-Xaa, where “Hyd” is a bulky hydrophobic residue with a hierarchy such that Phe > 
Leu > Val > Ala [131]. Two residues within the catalytic domain are phosphorylated by 
p38 MAPK (threonine 222 and serine 272) [132]. Phosphorylation of threonine 222, 
technically located in the activation loop as well as the catalytic domain, is essential for 
MK2-mediated phosphorylation of a myriad of substrates, which will be explored later in 
this chapter. Phosphorylation of serine 272, also located in the catalytic domain, is 
likewise important for MK2-mediated phosphorylation of its substrates [132]. Threonine 
334 is situated in a hinge region between the catalytic domain and the downstream 
nuclear-export sequence. When MK2 is not phosphorylated at Thr334, it exists in a 
conformation that exposes a nuclear localization signal (NLS), which is at the N-terminal 
of the protein, leading to localization to the nucleus under non-stress conditions; 
therefore, MK2 by default is localized in the nucleus. Upon phosphorylation by p38 
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MAPK (after import into the nucleus as a result of its own phosphorylation) at Thr334, 
the confirmation of MK2 shifts to expose a nuclear export sequence (NES), which is just 
upstream of the NES leading to cytoplasmic localization [132]. Indeed, a complex of 
MK2, p38, Akt, and Hsp27 can form when MK2 is phosphorylated at Thr334, after 
which this complex shuttles out of the nucleus into the cytoplasm using an exportin-1 
dependent mechanism [59]. 
A kinase that shares homology to MK2 is MK3, which is also targeted by p38 
MAPK. Although this kinase has a lower expression profile compared to MK2, MK3 has 
a similar substrate specificity owing to a similar overall structure and localization [133-
136]. Although MK2/3 can cooperate with each other, it has been observed that they can 
have different regulatory functions. One example relates to how MK2 and MK3 
cooperate to induce STAT3 activation in macrophages in response to LPS via IFNβ and 
IκBα [136]. Normally, MK3 acts to negatively regulate IRF3 and IκBα, factors important 
for inflammatory cytokine production. In response to LPS, MK2 and MK3 become 
phosphorylated by p38 MAPK, with MK2 acting to suppress the negative influence of 
MK3, leading to an enhancement of cytokine production [136]. In this way, MK2 and 
MK3 can differentially regulate common substrates in a context-specific way, depending 
on their post-translational modification status. The most well characterized kinase of the 
two is MK2, with many substrates identified that, upon phosphorylation, effect changes 
in multiple cellular processes. 
Chapter 1.4.2 – Downstream Targets of MK2 
 The initial and perhaps most well characterized cellular function of MK2 is the 
phosphorylation of RNA-binding proteins important for stabilizing mRNAs, specifically 
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those encoding the inflammatory cytokines IL-6, IL-8, and TNFa [129, 137-139]. 
Multiple RNA-binding proteins have been identified as substrates of MK2 and include 
tristetraprolin (TTP), human antigen R (HuR), butyrate response factor 1 (BRF1), 
heterogeneous nuclear ribonucleoprotein A0 (hnRNP A0), and poly-A binding protein 
(PABP) [140-145]. These RNA-binding proteins (RBPs) bind their target mRNAs 
through an AU-rich element (ARE) present in the 3’ untranslated region (3’UTR) of the 
mRNA [146, 147]. MK2-mediated phosphorylation of these RBPs mediates the binding 
of these proteins to their target mRNAs and represents an on/off switch of control.  
 One target of MK2, the mRNA-binding protein TTP, functions as a negative 
regulator of TNFa mRNA, with binding to the AU-rich region resulting in decreases in 
both mRNA and overall TNFa production. Mice with TTP knockout have increased 
incidence of inflammatory-related diseases such as arthritis and lupus, which is a 
consequence of high levels of TNFa [148]. In response to upstream activators, MK2 
phosphorylates TTP on serine residues 52 and 178, resulting in release of 14-3-3 proteins. 
Subsequently, TTP has a lower affinity for TNFa and ARE-containing mRNA leading to 
mRNA stabilization and production of TNFa [149]. Relatedly, with the decreased 
binding of TTP, HuR, another ARE targeting RBP, binds to TNFa mRNA and stabilizes 
it as well as enhances its translation [149]. This interplay, though complex, is one 
example of how MK2 ultimately targets these ARE-targeting mRNA binding proteins 
and phosphorylates them, with the overall effect of mRNA stabilization and enhanced 
translation. 
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Cell cycle 
The cell cycle represents a major point of regulation for cells and unregulated cell-cycle 
control can result in several diseases, most notably cancer [150, 151]. A major insult 
often resulting in cell-cycle arrest is DNA damage. In response to DNA damage, cells 
activate two context-dependent signaling cascades that initiate repair of the DNA and 
arrest the cell cycle until such damage has been repaired. These two pathways are the 
ataxia telangiectasia mutated (ATM)-mediated and the ataxia telangiectasia and Rad3 
related (ATR)-mediated signaling cascades, which classically activate the checkpoint 
kinases Chk1/2, arresting the cell cycle at the G1/S, intra-S, or the G2/M phases of the cell 
cycle [152, 153]. In response to DNA damage, a major cell stress, p38 MAPK and MK2 
can become activated downstream of ATM/ATR [154-156].  
 Activation of MK2 in response to DNA damage arrests the cell cycle through 
negatively regulating the Cdc25 family of phosphatases by phosphorylation. Under 
normal cell-cycle progression, Cdc25 phosphatases dephosphorylate Cdk/cyclin 
complexes, leading to the activation of these complexes, which are important for cell-
cycle-checkpoint progression. However, in response to DNA damage, MK2 
phosphorylates Cdc25B/C (at residues Ser169/Ser323/Ser353/Ser375 in the case of 
Cdc25B), and this promotes binding to 14-3-3 proteins, leading to cytoplasmic 
localization of Cdc25B/C and G1/S and G2/M arrest [154]. 14-3-3 proteins function in a 
wide variety of processes including molecular sorting and localization [154, 157-159]. 
This compartmentalization of Cdc25 away from the Cdk/Cyclin complexes results in the 
continued phosphorylation of Cdk/Cyclin, halting cell-cycle progression until Cdc25 is 
dephosphorylated and can return to the nucleus.  
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 In addition to modulation of mRNAs involved in inflammation through RNA-
binding protein phosphorylation, MK2 can modulate the expression of Growth arrest and 
DNA-damage-inducible protein (Gadd45α) mRNA; Gadd45α is a factor important for 
cell cycle arrest. Through phosphorylation of the RNA-binding proteins hnRNPA0, 
TIAR, and PARN, these proteins bind to the 3’UTR of Gadd45α mRNA and stabilize it 
[159]. Stabilization of the short-lived Gadd45α RNA, increases expression of this protein, 
which functions to inhibit nuclear localization of Cdc25B/C proteins, acting as a positive-
feedback loop to reinforce Cdc25 cytoplasmic localization; cytoplasmic localization 
inhibits its ability to phosphorylate Cdk/Cyclin proteins, enforcing cell cycle arrest.  
Actin Remodeling 
 The first observed target of MK2 was the small heat-shock protein Hsp27. Hsp27 
functions in a similar manner to most heat-shock proteins, that is to say it is a molecular 
chaperone that aids in the folding of proteins and prevents aggregation [160]. In its 
unphosphorylated state, Hsp27 exists as a large, multimeric complex, which is required 
for its chaperone functions [161-165]. Upon phosphorylation by MK2, these large 
complexes completely or partially dissociate and are essentially inactive and possess no 
chaperone activity [164, 166]. This observation that the stress response kinase MK2 
phosphorylates Hsp27, which then negatively regulates Hsp27 function, at first glance 
seems counterintuitive. However, Hsp27 is not exclusively a chaperone but has other 
functions within the cell. One of the distinct roles of monomeric Hsp27 is as a capping 
enzyme for actin filaments, functioning to inhibit actin polymerization when 
dephosphorylated [167]. In response to phosphorylation by MK2, Hsp27 is no longer able 
to inhibit this polymerization, resulting in actin polymerization and cell migration [167]. 
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For this thesis, we have identified two novel substrates of MK2, the germ-cell-
specific RNA-binding protein Dazl and the testis specific Hsp70 protein HspA1L using a 
proteomic screen. Through these findings, we demonstrate an important role of MK2 in 
the response of germ cells to stress.  
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Chapter 1.6 – Chapter 1 Figure 
 
Figure 1 – Schematic representation of meiosis. Germ line stem cells (spermatogonia) 
exist in a quiescent, self-renewing state with two pairs of maternal and paternal 
homologous chromosomes (2n). During interphase, homologous chromosomes are 
duplicated to generate sister chromatids (4n). Homologous chromosomes are separated 
during meiosis I into secondary spermatocytes (2n) and then homologs are further 
separated during meiosis II, generating haploid spermatids. Overall, one germ line stem 
cell gives rise to four haploid spermatids with one copy of either a maternal or paternal 
homolog.   
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Figure 2 – Diagram of seminiferous tubule. Cross-sectional architecture of the 
seminiferous tubule (left) and magnification of a portion of the seminiferous tubule 
(right). The testis contains bundles of seminiferous tubules that are the sites of 
spermatogenesis, with the most undifferentiated germ line stem cells at the periphery of 
the tubule and fully differentiated spermatids located at the inner lumen. Sertoli cells 
nurture developing spermatocytes and are connected via adherens junctions, making up 
the blood-testis barrier (BTB) at the basal membrane, which is lined with peritubular 
cells. 
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Figure 3 – Schematic diagram of Drosophila testis. Germ-line stem cells (GSCs) 
reside around hub cells and are nurtured by the somatic cyst stem cells (CySCs) at the 
apical end of the testis. Upon asymmetric cell division of the GSC to produce a 
gonialblast (GB), the gonialblast becomes surrounded by CySCs, subsequently 
undergoing mitotic amplification to generate a 16-cell spermatocyte cyst. The cyst cells 
undergo two rounds of meiosis, generating 64-haploid spermatids also known as the 
onion stage. Following meiosis, spermatids further differentiate and elongate before 
exiting the testis (right).  
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Name Alternative Names Tissue Specificity 
p38α MAPK14, CSBP2, SAPK2a Ubiquitous[168] 
p38β MAPK11, SAPK2b Ubiquitous, Brain[168] 
p38γ ERK6, SAPK3, MAPK12 
Ubiquitous, higher in skeletal 
muscle[87],[168] 
p38δ SAPK4, MAPK13 
Ubiquitous, higher in testis, 
pancreas, kidney, endocrine glands, 
and small intestine[54],[168] 
Mxi2  kidney[169] 
Table 1 - Table of p38 MAPK isoforms, alternative names, and tissues where expression 
has been detected.  
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Figure 4 - Representation of classical activators and downstream targets of p38 
MAPK. Upstream MAP Kinase Kinase Kinases (MKKKs) become phosphorylated and 
activated by cellular stress or cytokines. The MKKKs phosphorylate their targets, MAP 
Kinase Kinases (MKKs), which then phosphorylate p38 MAPK. Upon phosphorylation, 
p38 MAPK is activated and phosphorylates downstream targets. 
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Figure	– Repr sentation	of	classical	activators	and	downstream	targets	of	p38	MAPK.	Upstream	MAP	
Kinase	Kinase	Kinases	(MKKKs)	become	phosphorylated	and	activated	by	cellular	stress	or	cytokines.	
The	MKKKs	phosphorylate	their	targets,	MAP	Kinase	Kinases	(MKKs),	which	then	target	and	
phosphorylated	p38	MAPK.	Upon	phosphorylation,	p38	MAPK	is	activated	and	phosphorylates	a	
number	of	downstream	targets.
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Figure 5 - Domain map of MK2. MK2 contains several conserved regions including the 
catalytic domain, nuclear export sequence (NES) and the nuclear import sequence (NIS). 
Orange regions are unstructured regions. Phosphorylation by p38 MAPK occurs at 
threonine 222/272 located within the catalytic domain and threonine 334, located in a 
hinge region between the catalytic domain and the NES.  
  
Catalytic	Domain NES NISN	Terminus C	Terminus
MAKAP	Kinase	2	Domain	Map
T222 T272 T334
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Chapter 2 – Phosphorylation of the RNA-binding protein Deleted in azoospermia-
like (Dazl) by MAPKAP Kinase 2 Regulates Spermatogenesis 
 
Chapter 2.1 – Background on Dazl 
 
Male infertility affects roughly 7% of all men and is characterized as the lack of sperm or 
sperm function [170, 171]. The process of sperm generation or spermatogenesis is highly 
complex and tightly regulated [172]. This process involves the maintenance and 
differentiation of spermatogonial stem cells, rapid proliferation of spermatogonia, meiotic 
divisions of primary and secondary spermatocytes, and ultimately complete 
differentiation into haploid spermatids [173]. However, despite this complexity, three 
gene regions located on the long arm of the Y chromosome (Yq11) termed Azoospermia 
Factors (AZFs) are deleted to varying degrees in a high proportion of men with non-
obstructive azoospermia and oligospermia [174, 175]. Contained within this AZF region 
is the RNA-binding protein Deleted in azoospermia (DAZ), and studies have shown that 
this protein is important in spermatogenesis in humans and old-world monkeys [176]. 
DAZ has two autosomal homologs termed Deleted in azoospermia-like (Dazl) and Boule, 
both of which are highly conserved across many species and are evolutionarily older than 
DAZ [176, 177]. All three family members are expressed exclusively in the germ line 
[178]. Common characteristics of DAZ, Dazl, and Boule are that they contain an RNA-
recognition motif (RRM) and at least one DAZ domain (DAZ has multiple repeats while 
Dazl and Boule each have one), a domain important for protein-protein interactions 
(Figure 6). The primary characteristic of Dazl is its function as an RNA-binding protein, 
and exhaustive studies have been done to determine in vivo targets of Dazl [179-182] 
(Figure 7). One common theme is that Dazl binds to the 3’UTR of mRNAs, recognizing 
the consensus sequence of long stretches of uracils interspersed with guanines/cytosines 
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[179, 181, 183]. Once Dazl binds to the 3’UTR of its target, it can act either as a 
repressor or enhancer of translation, depending on the stage of germ cell development 
[179, 181]. For instance, in primordial germ cells (PGCs), Dazl has been shown to bind 
to the mRNA of Sox2, a differentiation factor, and repress its translation, functioning to 
control progression of embryonic gonocyte development [182]. In addition, Dazl 
represses the translation of caspase 7 (a pro-apoptotic caspase) in this same cell type, 
inhibiting apoptosis and functioning as a licensing factor [182]. On the other hand, Dazl 
has been shown to function as a translational enhancer of certain mRNAs at a later stage 
in germ cell development during meiosis I in primary spermatocytes [181]. Dazl 
enhances translation by recruiting PABP to the 3’UTR of mRNAs even in the absence of 
a poly-A tail, which is critical for translation initiation [177, 180]. One validated target of 
Dazl is the synaptonemal complex component Sycp3, when Dazl has been shown to bind 
to the 3’UTR and enhance translation [181]. The synaptonemal complex is critical for 
proper pairing, crossing-over, and segregation of homologous chromosomes during 
prophase I of meiosis I in the primary to secondary spermatocyte transition during 
spermatogenesis [184]. In Dazl KO C57/Bl6 mice of a mixed genetic background, the 
synaptonemal complex cannot form because of insufficient Sycp3, indicating Dazl is 
critical for this process [185]. Without proper complex formation, homologous 
chromosomes cannot pair during meiosis I, leading to an uneven separation of 
chromosomes in the subsequent daughter cells in both spermatogenesis and oogenesis 
[184, 186, 187]. Because of this, spermatocytes become arrested at prophase I of meiosis 
I, developing into characteristic cysts of stalled, differentiating germ cells [186, 188] 
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 Although the function of Dazl in translational regulation during normal 
spermatogenesis has been well described (see previous sources), an emerging function of 
Dazl is in germ-cell survival during heat stress [189]. In mammals, the testes are 
generally kept 2-8°C below core-body temperature, and even slight hyperthermia can 
result in decreased spermatogenesis [190, 191]. Kim et al. described a mechanism 
whereby Dazl was shown to be important for stress granule-formation exclusively in 
germ cells when exposed to elevated temperature [189]. Stress granules are sites of 
stalled translation and are composed of dense, punctate structures of various proteins, 
ribosomes, and mRNAs and form when cells are exposed to stresses such as heat, 
hypoxia, and reactive oxygen species (ROS) [192]. In adult mouse testes, Dazl was 
shown to be integral for stress-granule formation in primary spermatocytes, and loss of 
Dazl results in the inability of stress granules to form [189]. Stress-granule formation in 
germ cells is also important for inhibiting apoptosis because stress granules sequester 
RACK1, an activator of MTK1, an upstream activator of the p38 MAPK cascade [189].  
 Here we show that the germ cell–specific RNA-binding protein deleted in 
azoospermia-like (Dazl) is phosphorylated by MK2. We demonstrate that 
phosphorylation of Dazl by MK2 inhibits its association with poly(A)-binding protein, 
resulting in reduced translation of Dazl-regulated RNA targets both in vitro and in a 
transgenic Drosophila model system. These findings establish a novel connection 
between stress-induced kinase signaling and translational regulation by RNA-binding 
proteins in the male germline. 
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Chapter 2.2 – Methods 
 
Chapter 2.2.1 - Antibodies and reagents 
 
Anti-Dazl (E6), anti–c-Myc (9E10), anti-GST (Z-5), anti–β-tubulin (H-235), anti–
glyceraldehyde-3-phosphate dehydrogenase (6C5), anti-Vasa (d-260), and anti-PABP 
(10E10) antibodies were from Santa Cruz Biotechnology (Dallas, TX). Anti-MK2, anti–
phospho-MK2 (T222), anti–phospho-MK2 (T334), anti-p38, anti–phospho-p38 
(T180/Y182), anti-Hsp27, and anti–phospho-Hsp27 (S82) antibodies were from Cell 
Signaling Technology (Danvers, MA). Anti-HA antibody (16B12) was from Covance 
(Princeton, NJ). Anti–thiophosphate ester antibody (51-8) and p-nitrobenzyl mesylate 
(PNBM) were from Abcam (Cambridge, MA). ATP,  ATPγS, 4′,6-diamidino-2-phenylin- 
dole, and sodium arsenite were from Sigma-Aldrich (St. Louis, MO). The p38 MAPK 
inhibitor SB203580 was from Selleckchem (Houston, TX), and MK2 inhibitor III was 
from Cayman Chemical (Ann Arbor, MI).  
Chapter 2.2.2 - Cell culture  
 
HEK293 and HeLa cells were grown in DMEM supplemented with 10% fetal bovine 
serum (FBS) and penicillin/streptomycin. SUM149 cells were grown in Ham’s F12 
medium supplemented with 5% FBS, penicillin/streptomycin, insulin (5 µg/ml), and 
hydrocortisone (1 µg/ml). Cells were grown at 37°C in 5% CO2. Lipofectamine 2000 
(Invitrogen, Carlsbad, CA) was used for transfection according to the manufacturer’s 
instructions. To induce oxidative stress, cells were stimulated with 0.5 mM sodium 
arsenite for 20 min at 37°C. To prepare lysates for immunoblotting or 
immunoprecipitation, cells were lysed by scraping in ice-cold lysis buffer (20 mM Tris, 
pH 8.0, 200 mM NaCl, and 1% Triton X-100 with protease inhibitors [Roche, 
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Indianapolis, IN] and phosphatase inhibitors [1 mM sodium orthovanadate, 10 mM 
sodium fluoride, and 1 mM β-glycerophosphate]).  
Chapter 2.2.3 - Generation of MK2-knockdown cell line  
 
Retroviral shRNA constructs targeting human MK2 and a scrambled control shRNA 
construct were purchased from OriGene (Rockville, MD). Stably transfected SUM149 
cells were selected with puromycin (1 µg/ml) were maintained in medium containing 
puromycin (0.5 µg/ml). Knockdown of MK2 was confirmed by Western blotting.  
Chapter 2.2.4 - Plasmids  
 
Human MK2 was PCR amplified as an EcoRI–NotI fragment from a cDNA clone 
(OriGene) and cloned into the corresponding sites of pCMV-myc (Clontech, Mountain 
View, CA). A plasmid encoding dominant-negative p38 (FLAG-p38 alpha [AF]) was 
provided by Roger Davis (University of Massachusetts Medical School, Worcester, MA; 
plasmid #20352; Addgene). A construct encoding constitutively active MK2 (pCDNA3-
myc-MK2-EE) was provided by Matthias Gaestel (Hannover Medical School, Germany). 
A plasmid encoding human PABP was purchased from OriGene. Human Dazl was PCR 
amplified from a cDNA clone (OriGene) as an EcoRI–BglII fragment and cloned into the 
corresponding sites of pCMV-myc (Clontech) and pCMV-HA (Clontech). The S65A, 
S65D, and R115G mutations were introduced by PCR- mediated site-directed 
mutagenesis using the QuikChange Kit (Agilent, Wilmington, DE). For bacterial 
expression of GST-tagged Dazl-RRM fusion proteins, residues 32–117 of Dazl were PCR 
amplified as BamHI–EcoRI fragments and cloned into the corresponding sites of pGEX-
6P-1 (GE Healthcare, Chicago, IL). Oligonucleotides were purchased from Integrated 
DNA Technologies (Coralville, IA). Primer sequences are avail- able upon request. All 
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constructs were fully sequenced.  
Chapter 2.2.5 - Protein microarrays and data analysis  
 
The Snapshot Proteomics screen was conducted by AVMBioMed (Malvern, PA). Protein 
microarrays (consisting of >20,000 human proteins) were blocked for 1 h at room 
temperature in phosphate-buffered saline (PBS) containing 0.05% Tween-20, 20 mM 
reduced glutathione, 1 mM dithiothreitol (DTT), 1% bovine serum albumin, and 25% 
glycerol. Duplicate arrays were incubated for 90 min at room temperature using the two 
cell lysates (control shRNA and MK2 shRNA) at 2 mg/ml total protein concentration, 
followed by three washes with 1× PBS. Arrays were then incubated for 1 h at room 
temperature with rabbit anti–phosphoserine (Cell Signaling Technology) and rabbit anti–
phosphothreonine (Abcam) antibodies per the manufacturer’s instructions for 
immunoblotting. Arrays were washed three more times, followed by a 1-h incubation 
with Alexa 488-conjugated anti- rabbit secondary antibody. This was followed by two 
washes with PBS/Tween-20, PBS, and then two washes with water, followed by 
centrifugal drying (1000 rpm for 5 min at room temperature) and scanning (GenePix 
4100A; Molecular Devices) of the arrays. Data were obtained from 21,685 proteins 
present on the micro- array. Microarray images were gridded and quantitated using 
GenePix Pro (version 7) software. Median intensities (features and local backgrounds) 
were used, and signal-to-noise ratio (SNR) was calculated. Duplicate features 
representing identical proteins were summarized by average (avg M) and SD. Magnitude 
change was calculated as log(SNR)control shRNA − log(SNR)MK2 shRNA. These 
values were then Loess transformed by print tip and location to remove technical sources 
of error (Smyth and Speed, 2003), resulting in the final estimate of magnitude change (M 
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value). To assess statistical significance, a paired, two-tailed Student’s t test was used to 
calculate a p value for each estimate using the null hypothesis that avg M = 0. A threshold 
of 95% confidence ( p < 0.05) and a cutoff of M > 1.0 were applied to filter the data.  
Chapter 2.2.6 - Fly stocks and transgenic fly lines  
 
Stocks were maintained and all crosses performed at 25°C on molasses-based food. 
bol1flies were kindly provided by Steve Wasserman (University of California, San 
Diego, La Jolla, CA). Human DAZL or DAZL-S65D was PCR amplified using attB-
modified primers and cloned into pDONR-Zeo (Invitrogen). The cloned inserts were 
transferred into pTMW using Gateway cloning technology to create N-terminal myc-
tagged constructs for Drosophila embryo micro-injection. Transgenic flies were 
generated by BestGene (Chino Hills, CA). UAS-DAZL maps to the third chromosome, 
and UAS-DAZL- S65D maps to the second chromosome.  
Chapter 2.2.7 - Protein expression and purification  
 
BL21(DE3) cells (Novagen, Billerica, MA) were transformed with plasmids encoding 
GST, GST-Dazl, GST-Dazl-S65A, GST-Dazl- RRM-WT, GST-Dazl-RRM-S65D, or 
GST-Dazl-RRM-R115G. Protein expression was induced at 37°C for 2 h with 1 mM 
isopropyl-β-d- thiogalactoside (IPTG). After centrifugation, the pellet was resuspended in 
15 ml of lysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM DTT, and 1 mM EDTA 
with protease inhibitors [Roche]). The lysate was sonicated on ice and centrifuged at 
20,000 × g for 20 min at 4°C. The supernatant was added to 0.5 ml (packed volume) of 
glutathione agarose beads (Gold Biotechnology, St. Louis, MO) and incubated at 4°C for 
2 h with end-over-end tumbling. The slurry was transferred to a column and washed 
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extensively with wash buffer. GST-fusion proteins were eluted with excess glutathione in 
lysis buffer (pH 7.4), and appropriate fractions were pooled. The protein was dialyzed 
overnight at 4°C into dialysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM DTT). 
Glycerol was added to a final concentration of 10%, and the proteins were snap-frozen 
and stored at −80°C.  
Chapter 2.2.8 - In vitro kinase assays  
 
Recombinant GST-tagged MK2 (residues 40–400; R&D Systems, Minneapolis, MN) was 
incubated with 20 µg of recombinant purified Dazl protein in kinase buffer (50 mM 
HEPES, pH 7.5, 0.65 mM MgCl2, 0.65 mM MnCl2, 12.5 mM NaCl) with 500 µM ATP 
or ATPγS, as indicated. Kinase reactions were incubated at 30°C for 30 min. When 
appropriate, PNBM (dissolved in dimethyl sulfoxide [DMSO]) was added to a final 
concentration of 2.5 mM, and reactions were incubated at room temperature for 1 h, 
followed by the addition of 6x boiling sample buffer to stop the reaction. Reactions were 
then resolved by SDS–PAGE, followed by immunoblotting with the indicated antibodies.  
Chapter 2.2.9 - Generation of anti–phospho-S65-dazl antibody  
 
A custom phosphospecific antibody was generated by GenScript (Piscataway, NJ). New 
Zealand white rabbits were injected with a phosphopeptide (ARYGpSVKEVKIITDC) 
conjugated to KLH. Sera were tested for sensitivity and specificity by enzyme-linked 
immunosorbent assay. The antibody was affinity purified against the phosphorylated 
peptide and negatively adsorbed against the non-phosphorylated peptide.  
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Chapter 2.2.10 - SDS–PAGE and Western blotting  
 
Proteins were resolved on 12.5% polyacrylamide gels and transferred to nitrocellulose 
membranes (GE Amersham) using the Pierce G2 Fast Blotter (Thermo Scienti c, 
Waltham, MA). Membranes were blocked in 5% nonfat milk in Tris-buffered saline 
(TBS), followed by overnight incubation with the indicated primary antibody in the same 
buffer. Membranes were washed the next day in TBS plus 0.5% Tween (TBS-T), 
incubated for 1 h with the appropriate horseradish peroxidase–conjugated secondary 
antibody, washed again in TBS-T, and processed for signal detection using enhanced 
chemiluminescence (Santa Cruz Biotechnology). For detection of proteins from the same 
reaction/lysate that migrate at similar molecular weights (i.e., phosphorylated and non-
phosphorylated forms of the same protein), samples were split and run on separate gels.  
Chapter 2.2.11 - Surface plasmon resonance  
 
For protein expression for use in SPR, all plasmid DNA constructs were transformed into 
BL21(DE3) cells (Life Technologies). Cells were grown in Terrific Broth (RPI, Mount 
Prospect, IL) at 37°C in 2- to 8-l volumes using a LEX bioreactor (Epiphyte, Toronto, 
Canada), induced using 100 µM IPTG (CellGro, Manassas, VA) at 15°C, and harvested 
12 h later by centrifugation at 4000 × g for 20 min. Pellets were stored at −80°C until 
purification. Bacterial cell pellets from 2-l culture volumes were thawed in warm water 
and then resuspended using binding buffer (50 mM Tris, pH 8.0, 500 mM NaCl) plus a 
3:1 ratio of B-PER:Y-PER (Thermo Fisher), DNase 1, lysozyme, and protease inhibitor 
P2714 (all from Sigma-Aldrich). Cells were sonicated (frequency 60% maximum, 30 s 
on/30 s off, 5-min sonication time), and total lysate was mixed with 1–2 ml of His-Link 
resin (Promega, Madison, WI) and then incubated with rocking for 1 h at 4°C. HisLink 
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resin was cleaned in batch mode by extensive washing with cold binding buffer and 
transferred into gravity columns (Bio-Rad, Hercules, CA) for final washes (with wash 
buffer: binding buffer plus 10 mM imidazole, pH 8.0) and elution (with elution buffer: 
binding buffer plus 250 mM imidazole, pH 8.0, and 10% glycerol). Size exclusion 
chromatography for all proteins was accomplished using a Sephadex 200 column (GE 
Healthcare) on an NGC Chromatography System (Bio-Rad) using gel filtration buffer 
(binding buffer plus 5 mM β-mercaptoethanol and 1 mM EDTA). Fractions were 
analyzed by SDS–PAGE and pooled. If needed, protein was concentrated using 
Vivaspin-20 concentrators with a 5000–molecular weight cut-off (GE Healthcare). 
Experiments were performed using the ProteOn XPR36 SPR array system (Bio-Rad). 
ProteOn GLC sensor chips were preconditioned with two short pulses each (10 s) of 50 
mM NaOH, 100 mM HCl, and 0.5% SDS. Then the system was equilibrated with PBS-T 
buffer (20 mM Na phosphate, 150 mM NaCl, and 0.1% polysorbate 20, pH 7.4). 
Individual ligand ow channels were activated for 5 min at 25°C with a mixture of 1-ethyl-
3-(3-dimethylaminopropyl carbodimide hydrochloride) (0.2 M) and sulfo-N-
hydroxysuccinimide (0.05 M). Immediately after chip activation, NeutrAvidin (Thermo- 
Fisher) at a concentration of 100 µg/ml in 10 mM sodium acetate, pH 5.0, was injected 
across ligand flow channels for 5 min at a flow rate of 30 µl min−1. Excess active ester 
groups on the sensor surface were capped by a 5-min injection of 1 M ethanolamine HCl 
(pH 8.5). This resulted in the coupling of NeutrAvidin at a density of 9000 response units 
(an arbitrary unit that corresponds to 1 pg/mm2). The SD in the immobilization level 
from the six spots within each channel was <4%. Synthetic 3′ biotinylated RNA 
oligonucleotides (IDT) were then affinity captured and used as ligand for the Dazl-RRM 
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protein– binding experiments. Dazl-RRM proteins at the indicated concentrations in 
RNA-protein binding buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 1 mM MgCl2, 0.005% 
Tween) were injected over the control (no oligonucleotide) and oligonucleotide surfaces 
at a flow rate of 100 µl/min for a 2-min association phase, followed by a 4-min 
dissociation phase at 25°C using the “one-shot” functionality of the ProteOn. [193] 
Specific regeneration of the surfaces between injections was not needed due to the nature 
of the inter- action. Data were analyzed using ProteOn Manager Software, version 3.0 
(Bio-Rad). The responses of a buffer injection and responses from the reference flow cell 
were subtracted to account for nonspecific binding. Data were subjected to equilibrium 
analysis, plotting the response at equilibrium versus concentration and fitting to a steady-
state model to obtain the equilibrium dissociation constant (KD).  
Chapter 2.2.12 - Dual luciferase assay  
 
The 3′ UTR of SYCP3 was PCR amplified from mouse genomic DNA as an XhoI–NotI 
fragment and cloned into the corresponding sites of psiCHECK-2 (Promega). HeLa cells 
were seeded in a 96-well plate and grown overnight to ∼65% confluence. Cells were co-
transfected with plasmids encoding myc-tagged Dazl, Dazl- S65D, or Dazl-R115G and 
psiCHECK-2/SYCP3-3′UTR or transfected with just psiCHECK-2/SYCP3-3’UTR alone. 
The next day, cells were lysed according to the protocol described in the dual luciferase 
reporter assay kit (Promega). Cell lysates were transferred to white-bottom 96-well plates 
that were read on a GLOMAX-96 microplate luminometer. Firefly luciferase values were 
normalized to Renilla luciferase values for each individual condition (performed in 
triplicate). These values were averaged, and the Dazl-S65D and Dazl-R115G values were 
normalized to the values obtained from Dazl-WT. Statistical analysis was performed 
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using a Student’s t test to obtain a p value.  
Chapter 2.2.13 - Hatch-rate analysis  
 
Two males of the indicated genotype were crossed to five virgin w1118 females for 2 
days. Flies were then transferred to a collection cage attached to a grape juice agar plate 
for overnight collection of deposited eggs. The hatch rate was determined by dividing the 
number of hatched embryos after 24 h by the total number of embryos deposited at 14 h.  
Chapter 2.2.14 - Testes dissection and microscopy  
 
Testes from 1-d-old male flies were dissected in PBS and prepared for microscopy as 
described [194]. Live testes were imaged by phase contrast microscopy using an EVOS 
FL Auto microscope (Life Technologies) equipped with a 10x objective. For 
immunofluorescence microscopy using HeLa cells, cells were seeded on glass coverslips 
and transfected the next day with the indicated constructs for 24 h. Cells were then fixed 
in 4% formaldehyde and processed for immunofluorescence microscopy. Cells were 
imaged using an EVOS FL Auto microscope equipped with a 40x objective.  
Chapter 2.3 – Results 
	
Chapter 2.3.1 - Dazl is a novel substrate of MK2  
To characterize a potential role for MK2 signaling in male germ cell 
development, we conducted a proteomic screen to identify novel substrates of this kinase. 
Expression of MK2 was reduced by short-hairpin RNA (shRNA) in SUM149 cells, a 
triple-negative breast cancer cell line characterized by overexpression of catalytically 
active MK2 (Figure 8A). Immunoblotting of cell lysates confirmed the efficacy of MK2 
knockdown compared with control shRNA–treated cells and demonstrated reduced 
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phosphorylation of Hsp27, a known substrate of MK2 (Figure 8A). These cell lysates 
were applied to human proteome microarrays and incubated in the presence of ATP. 
Subsequent probing of these arrays with anti-phosphoserine and anti-phosphothreonine 
antibodies revealed differences in signal intensity between the arrays incubated with the 
control versus the MK2-knockdown cell lysates (Figure 8B), signifying the presence of 
putative MK2 substrates. The screen for MK2-specific substrates identified 109 proteins 
(out of >20,000) displaying a statistically significant reduction in phosphorylation status 
upon MK2 knockdown (Table 2). Among the top 20 putative MK2 substrates (Figure 9A) 
was deleted in azoospermia-like (Dazl), a germ cell–specific RNA-binding protein.  
To validate the screen and confirm that the RNA-binding protein Dazl is indeed a 
substrate of MK2, we expressed and purified human glutathione S-transferase (GST)–
Dazl from bacteria. This fusion protein was used as a substrate in an in vitro kinase assay 
with active recombinant MK2. MK2 phosphorylated GST-Dazl in vitro (Figure 9B), 
demonstrating that Dazl is a bonafide substrate of this kinase.  
Chapter 2.3.2 - MK2 phosphorylates Dazl at S65 within the RNA recognition motif  
To investigate the biological role of this posttranslational modification, we 
determined the residue(s) on Dazl that are phosphorylated by MK2. Dazl consists of two 
functional domains (Figure 10A): an evolutionarily conserved RNA recognition motif 
(RRM), which binds target RNA sequences, and a deleted in azoospermia (DAZ) repeat 
important for protein–protein interactions. [195] The consensus motif for MK2 
phosphorylation has been determined, and its defining features include the presence of an 
arginine residue at the −3 position (i.e., three residues N-terminal to the phosphoacceptor 
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site) and hydrophobic residues at the −5 and −6 positions. [196] Primary sequence 
analysis of Dazl revealed a serine residue (S65) in the RRM located within an ideal 
consensus motif for MK2 phosphorylation (Figure 10A). To test whether this site was 
phosphorylated by MK2, we generated GST-fusion proteins of either the wild-type RRM 
or a mutant RRM in which this serine residue was replaced with non-phosphoryl table 
alanine (S65A). These fusion proteins were used as substrates in in vitro kinase reactions 
with active recombinant MK2 (Figure 10B). The results demonstrate that S65 is a site of 
MK2 phosphorylation, as mutation of this residue to alanine abolished the signal. To test 
whether S65 is the sole site of MK2 phosphorylation, we produced full-length GST-Dazl 
and GST-Dazl-S65A and used them as substrates in in vitro kinase assays. Results of this 
experiment reveal that mutation of this residue within the context of the full-length 
protein abrogated the signal, indicating that S65 is the only residue in Dazl 
phosphorylated by MK2 (Figure 20A). Of interest, S65 and its surrounding amino acid 
sequence are conserved in Dazl from zebra fish and mouse as well as in human DAZ, and 
S65 phosphorylation of murine Dazl has been detected by mass spectrometry, indicating 
that this posttranslational modification occurs in vivo. [197, 198] 
To study the physiological relevance of Dazl-S65 phosphorylation, we generated 
a phosphospecific antibody. We first validated the specificity of this reagent by 
performing an in vitro kinase assay using MK2 and GST-Dazl-RRM or GST-Dazl-RRM-
S65A. A signal was detected when MK2 was incubated with the wild-type Dazl-RRM 
but not Dazl-RRM-S65A (Figure 10C), demonstrating that the antibody detects Dazl only 
when phosphorylated at S65. To determine whether phosphorylation of Dazl-S65 could 
be detected in cells, we co-transfected HEK293 cells with constructs encoding 
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hemagglutinin (HA)-Dazl and myc-MK2. Cells were then stimulated (or not) with 
sodium arsenite, a chemical that induces oxidative stress and is a potent activator of p38 
MAPK. Immunoblotting of cell lysates demonstrated activation of p38 and MK2 upon 
stimulation and a signal using the anti–phospho-Dazl-S65 antibody (Figure 11A).  
We then addressed whether genetic perturbation of the p38/MK2 signaling 
pathway affects phosphorylation of Dazl. HEK293 cells were transfected with plasmids 
encoding HA-Dazl, myc-MK2, and either a dominant-negative mutant of p38α (FLAG-
p38-AF) or a constitutively active form of MK2 (myc-MK2-EE). Immunoblotting of cell 
lysates revealed a lack of Dazl-S65 phosphorylation in arsenite-stimulated cells 
expressing dominant-negative p38 (Figure 11A). However, even in the absence of 
stimulation, Dazl-S65 phosphorylation was detected in cells expressing constitutively 
active MK2 (Figure 11A). Furthermore, chemical inhibition of the p38-MK2 pathway 
using the p38 MAPK inhibitor SB203580 or MK2 inhibitor III confirmed that 
phosphorylation of Dazl-S65 was dependent on MK2 kinase activity (Figure 12A). 
Collectively these data indicate that serine 65 of Dazl is phosphorylated by MK2.  
Chapter 2.3.3 - S65 phosphorylation of Dazl negatively regulates translation but not 
RNA binding  
Within male germ cells, Dazl stabilizes several mRNAs that encode proteins with 
critical functions in meiosis, such as the synaptonemal complex component Sycp3 and 
the DEAD-box RNA helicase Mvh/Ddx4. As a result, deletion of DAZL in male mice 
results in reduced protein expression of Sycp3 and Mvh, culminating in meiotic arrest. 
[199, 200] 
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Previous studies examining the RNA-binding properties of Dazl determined that 
the protein preferentially binds to a loosely defined uridine-rich consensus sequence in 
the 3′ untranslated region (UTR) of these transcripts. [201-203] Because the MK2 
phosphorylation site we identified was located within the RRM of Dazl, we speculated 
that modification at this site affects RNA binding. To directly test this hypothesis, we 
used surface plasmon resonance (SPR). Synthetic biotinylated RNA molecules consisting 
of the Dazl-binding consensus motif (5′-U6GU3GU3GU4-3′) or a nonspecific mutant RNA 
molecule (5′-A6CA3CA3CA4-3′) were immobilized on a NeutrAvidin-coated sensor chip. 
Dazl-RRM-WT or S65D proteins were flowed over the chip as analytes, and binding 
affinities were determined. The results demonstrate that although neither protein binds to 
the nonspecific RNA, both the wild-type RRM and the S65D mutant RRM bind to the 
RNA consisting of the Dazl-binding consensus sequence (Figure 13A). Furthermore, 
determination of the dissociation constant (KD) similarly revealed no significant 
difference in the association of either protein with the Dazl-binding RNA consensus 
sequence (Figure 13B and Figure 19A/B). These findings are consistent with the crystal 
structure of the murine Dazl RRM, which was solved in complex with three different 
target RNAs and in which it is demonstrated that S65 does not make direct contact with 
the RNA molecule. [183] These results therefore suggest that post-translational 
modification of this residue may regulate an alternative function of Dazl.  
In response to heat stress in germ cells, Dazl localizes to stress granules; non-
membranous cytoplasmic foci composed of stalled translational complexes and 
associated RNA-binding proteins. [189] In the absence of Dazl, stress granules do not 
form, and germ cells are more susceptible to stress-induced apoptosis. [189] We therefore 
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tested whether mutation of S65 affects localization of Dazl to stress granules in response 
to arsenite treatment (Figure 20). The results demonstrate that both wild-type and mutant 
forms of Dazl localize to stress granules, suggesting that modification of this residue is 
likewise not involved in mediating localization to these structures.  
Once bound to the 3′ UTR of target mRNAs, Dazl functions as a translational 
enhancer by recruiting poly(A)-binding protein (PABP) to stimulate the initiation of 
translation [177, 180]. We therefore postulated that phosphorylation of S65 may affect 
translation by altering the association of Dazl with PABP, and we addressed this 
possibility using a luciferase reporter assay. A plasmid was constructed in which the 3′ 
UTR of murine SYCP3, a validated Dazl-binding sequence, [181] was cloned 
downstream of the Renilla luciferase gene. HeLa cells were then transfected with this 
construct or co-transfected with this construct and a plasmid encoding myc-Dazl-WT, 
myc-Dazl-S65D, or, as a negative control, myc-Dazl-R115G, a mutant that is defective in 
RNA binding and is associated with human infertility. [183, 204] Western blotting was 
used to confirm equal expression of the myc-tagged proteins (Figure 14A), and luciferase 
activity was measured to assay translation. The results demonstrate significantly less 
luciferase activity with expression of Dazl-R115G than with wild-type Dazl (Figure 
14B). Moreover, cells expressing Dazl-S65D also displayed decreased luciferase activity 
(Figure 14B), suggesting that while mutation of this residue does not affect RNA binding, 
it does decrease translation. To determine whether this reduction in translation is due to 
inhibition of PABP binding, we co- transfected HEK293 cells with plasmids encoding 
untagged PABP and myc-Dazl-WT, myc-Dazl-S65D, myc-Dazl-S65A, or empty vector 
as a control. PABP was immunoprecipitated from cell lysates, and the 
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immunoprecipitates were probed for Dazl (Figure 15A). Less Dazl-S65D co-precipitated 
with PABP than with Dazl-WT (and, reciprocally, less PABP co-precipitated with Dazl-
S65D than with Dazl-WT; Figure 15B), whereas expression of Dazl-S65A appeared to 
stabilize the interaction (Figure 15A/B). However, the possibility exists that while Dazl 
binding to mRNA enhances translation by recruiting PABP, with an observed rise in 
protein levels, it is possible that Dazl binding increases mRNA stability, maintaining 
mRNA transcript levels and resisting mRNA decay. Taken together, these results suggest 
that MK2-mediated phosphorylation of Dazl decreases translation by inhibiting the 
interaction of Dazl with PABP. 
Chapter 2.3.4 - Expression of human Dazl, but not Dazl-S65D, restores fertility in 
boule mutant flies 
The Drosophila orthologue of Dazl is Boule, and boule-mutant male flies are 
sterile due to a defect in meiotic entry. [205] Specifically, spermatocytes of boule 
mutants are arrested in meiosis I at the G2/M transition due to reduced translation of 
twine, the meiotic Cdc25 phosphatase that dephosphorylates the cdc2/cyclinB complex 
[206]. Overexpression of twine in the boule mutant genetic background rescues this 
phenotype, as does transgenic expression of either human Boule or Xenopus dazl, 
illustrating the high degree of functional conservation among DAZ family members. 
[206-208] 
Based on these studies, we predicted that expression of human Dazl would rescue 
the Drosophila boule phenotype, whereas Dazl-S65D would not due to its reduced 
capacity to promote translation. To directly test this, we expressed myc-tagged human 
Dazl or Dazl-S65D in the male germline of boule mutants using the Gal4-UAS system. 
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Western blotting of testis extracts demonstrated equal expression of the wild-type and 
mutant trans-genes (Figure 16A). The fertility of male flies expressing these transgenes 
was assessed by a fertility assay. Expression of wild-type Dazl restored fertility in the 
boule mutant genetic background (Figure 16B), indicating that human Dazl can 
functionally compensate for the lack of Drosophila boule. Furthermore, analysis of testes 
by phase contrast microscopy revealed rescue of meiotic entry based on the presence of 
post meiotic round spermatids and elongating sperm bundles in flies expressing wild-type 
Dazl (Figure 17A). In contrast, germ cells from flies expressing Dazl-S65D did not 
differentiate beyond the spermatocyte stage and phenotypically resembled boule mutants, 
demonstrating that the S65D mutation impairs the function of Dazl in vivo. 
To determine whether the rescue of meiotic entry and restoration of fertility upon 
expression of wild-type Dazl correlated with restored expression of Twine, we analyzed 
levels of Twine protein in testes from flies of the aforementioned genotypes. Consistent 
with previous studies, we observed reduced levels of Twine in boule-mutant testes that 
were restored upon expression of wild-type Dazl (Figure 17B). In contrast, expression of 
Dazl-S65D did not rescue Twine expression in the boule mutant genetic background 
(Figure 17B). Taken together, these results provide evidence that the phosphorylation 
status of Dazl-S65 regulates Twine translation, meiotic progression, and male fertility. 
In summary, we found that phosphorylation of the RNA-binding protein Dazl by 
MK2 is a negative regulator of male meiosis (Figure 18). Our data suggest that this is due 
to decreased recruitment of PABP, ultimately resulting in reduced translation of Dazl-
regulated target RNAs. The precise molecular mechanism by which this occurs is 
unclear, although we speculate that it might involve a conformational change, since S65 
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of Dazl lies outside of the minimal region required for the PABP-Dazl interaction [180]. 
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Chapter 2.4 – Chapter 2 Figures 
 
Figure 6 – Domain map of the three Deleted in Azoospermia (DAZ) family members 
DAZ, Dazl, and Boule. RNA-recognition motifs (RRM) (in blue) recognize the 
consensus sequence in the 3’UTR of target mRNAs. DAZ motifs (in green) primarily 
recruit and bind other proteins. Yellow regions represent unstructured regions. 
  
RRM DAZ DAZ DAZ DAZ DAZ DAZ DAZ
RRM DAZ
RRM DAZ
DAZ
Dazl
Boule
Figure	– Domain	maps	of	DAZ	Family	of	proteins.	In	blue	depicts	the	RNA-recognitio 	motif	(RRM)	and	green	
indicates	the	highly	proline	rich	DAZ	motif.	Yellow	depicts	unstructured	regions.	
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Figure 7 – Depiction of Dazl recruitment of PABP. (Left), A typical truncated mRNA 
often present in transcriptionally silent germ cells with a short poly-A tail (AA) 
downstream of the 3’ untranslated region (3’UTR). Target mRNAs have a Dazl 
consensus sequence of long stretches of uracils interspersed with guanines (UUUGGUU). 
Binding of Dazl to the 3’UTR leads to recruitment of poly-A binding protein (PABP), 
forming the translational loop structure along with other cap binding proteins (CBPs), 
ultimately recruiting ribosomes.  
UUUGGUU
3’UTR
AA
5’
3’ UUUGGUUAA
DazlPABP
CBPs
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Table 2 - Complete list of putative MK2 substrates identified in the Snapshot 
Proteomics™ screen. 
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Figure 8 - Dazl is a novel substrate of MK2. (A) Reduction of MK2 expression by 
shRNA. Cell lysates from SUM149 cells stably expressing either control or MK2 shRNA 
were resolved by SDS–PAGE (on two separate gels) and immunoblotted with the 
indicated antibodies. (B) Schematic of the screen used to identify novel MK2 substrates. 
Lysates from control and MK2 shRNA cells were incubated with human protein 
microarrays and probed with anti-phosphoserine and anti-phosphothreonine antibodies, 
followed by detection with Alexa 488–conjugated secondary antibodies. Arrays were 
scanned and quantified. 
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Figure 9 – Dazl is a novel substrate of MK2. (A) Bar graph of the top 20 putative MK2 
substrates identified from the screen. Data are plotted as the average fold signal reduction 
obtained from the MK2- knockdown shRNA array compared with the control shRNA 
knockdown array. Error bars indicate SD. (D) In vitro kinase assay using GST-Dazl and 
MK2. GST-Dazl (or no substrate) was incubated in the presence or absence of active 
recombinant MK2 and ATPγS, followed by treatment with PNBM. Kinase reactions were 
resolved by SDS–PAGE (on three separate gels), followed by immunoblotting with the 
indicated antibodies.  
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Figure 10 - MK2 phosphorylates Dazl at S65. (A) Domain architecture of human Dazl. 
DAZ, deleted in azoospermia domain; RRM, RNA recognition motif. The putative MK2 
phosphorylation site (S65) is indicated in red. (B) MK2- mediated phosphorylation of 
Dazl-S65 in vitro. Wild-type or S65A GST-Dazl-RRM (residues 32–117) fusion proteins 
were incubated with active recombinant MK2 and ATPγS, followed by incubation with 
PNBM. Kinase reactions were resolved by SDS–PAGE (on two separate gels), followed 
by immunoblotting with the indicated antibodies. (C) Detection of Dazl-S65 
phosphorylation using a phosphospecific antibody. GST-Dazl RRM (wild-type or S65A) 
fusion proteins were incubated with active recombinant MK2 and ATP. Kinase reactions 
were resolved by SDS–PAGE (on two separate gels), followed by immunoblotting with 
the indicated antibodies.  
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Figure 11 – MK2 phosphorylates Dazl at S65. (A) Alteration of Dazl-S65 
phosphorylation status via genetic manipulation of the p38-MK2 signaling pathway. 
HEK293 cells were transfected with the indicated constructs and either stimulated or not 
with sodium arsenite (Ars) and lysed. Cell lysates were split, resolved by SDS–PAGE (on 
eight separate gels), and immunoblotted with the indicated antibodies. Western blots 
shown are representative of three independent experiments.  
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Figure 12 - Reduced Dazl-S65 phosphorylation by chemical inhibition of the p38-
MK2 signaling pathway. HEK293 cells were transfected with the indicated constructs 
and pretreated for 30 min with DMSO (vehicle) only, the p38 inhibitor SB20350 (10 
µM), or MK2 inhibitor III (20 µM). Cells were then stimulated with sodium arsenite and 
lysed. Cell lysates were split, resolved by SDS–PAGE (on seven separate gels), and 
immunoblotted with the indicated antibodies. Western blots shown are representative of 
three independent experiments. 
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Figure 13 - Mutation of Dazl S65 impairs translation but not RNA binding. (A) Bar 
chart depicting relative binding responses of wild-type and S65D Dazl-RRM proteins to 
wild-type and mutant (i.e., nonspecific control) RNAs. (B) Equilibrium binding plots of 
the interaction of wild-type and mutant Dazl-RRM proteins interacting with the wild-type 
RNA sequence. Data are representative of three independent experiments. Error bars 
represent SD.   
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Figure 14 – Mutation of Dazl S65 impairs translation but not RNA binding. (A) 
Expression of myc-tagged Dazl-WT, Dazl-S65D, and Dazl-R115G by immunoblotting of 
whole-cell lysates from transfected HeLa cells. (B) Reduced translation of a Dazl target 
upon expression of Dazl-S65D. HeLa cells were co-transfected with psiCHECK-2-
SYCP3-3′UTR (a characterized Dazl-binding sequence cloned downstream of the 
sequence encoding Renilla luciferase) and the indicated Dazl constructs. Cells were 
lysed, and luciferase activity was quantified. Average of three independent experiments. 
Error bars indicate SD. *p < 0.05 and **p < 0.005 as calculated by a Student’s t test.  
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Figure 15 - Diminished binding of PABP to Dazl upon phosphomimetic mutation of 
S65. HEK293 cells were co-transfected with plasmids encoding PABP and pCMV-myc 
(empty vector), myc-Dazl-WT, myc-Dazl-S65A, or myc-Dazl-S65D. Cells were lysed, 
followed by immunoprecipitation of PABP (A) or myc (B) and immunoblotting of the 
precipitated material with the indicated antibodies. Western blots shown are 
representative of three independent experiments. IB, immunoblot; IP, immunoprecipitate; 
WCL, whole-cell lysate.  
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Figure 16 - Expression of Dazl, but not Dazl-S65D, rescues meiotic defects and 
infertility in boule mutant male flies. (A) Expression of human myc-tagged Dazl or 
Dazl-S65D in the Drosophila male germline. Testes from flies of the indicated genotypes 
were dissected, and protein extracts were resolved by SDS–PAGE and immunoblotted 
with the indicated antibodies. (B) Transgenic expression of wild-type human Dazl in the 
Drosophila male germline rescues the sterility of boule mutants. Hatch-rate analysis from 
crosses of male flies of the indicated genotype to w1118 virgin females. Mean values 
from three independent experiments. Error bars denote SD. *p < 0.05 and **p < 0.005 as 
calculated by a Student’s t test. n.s., not significant.   
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Figure 17 – Expression of Dazl, but not Dazl-S65D, rescues meiotic defects and 
infertility in boule mutant male flies. (A) Phase contrast microscopy of live testes from 
flies of the indicated genotypes. Yellow arrows denote bundles of elongating spermatids 
that are absent in testes of bol1flies and flies expressing the human DAZL-S65D 
transgene in the bol1 genetic background. Green boxes denote areas displayed in 
magnified insets. Green arrowheads indicate examples of round (“onion-stage”) 
spermatids characterized by a phase-light nucleus juxtaposed to a phase-dark 
mitochondrial aggregate. Pink arrows indicate cysts of degenerating primary 
spermatocytes. Red asterisks denote the apical end of the testis. Scale bar, 400 µm. (D) 
Expression of twine in testes from flies of the indicated genotypes. Testes were dissected, 
and protein extracts were resolved by SDS–PAGE, followed by immunoblotting with the 
indicated antibodies. Western blots shown are representative of three independent 
experiments.  
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Figure 18 – Schematic of mechanism of Dazl phosphorylation by MK2. Exogenous 
cellular stress activates the p38 MAPK/MK2 signaling axis resulting in Dazl 
phosphorylation at serine 65. Phosphorylation of Dazl results in decreased association 
with PABP and leads to decreased translation of target mRNAs.  
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Figure 19 – Sensorgrams depicting the interaction of (A) Dazl-RRM-WT and (B) 
Dazl-RRM-S65D with wild-type RNA oligonucleotides. Colored lines represent 
different concentrations of protein as indicated in the legend. 
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Figure 20  – MK2 phosphorylates full length Dazl at S65.  (A) In vitro kinase assay 
using full-length GST-Dazl or full-length GST-Dazl-S65A. Dazl (or no substrate) was 
incubated in the presence of active recombinant MK2 and ATPγS followed by treatment 
with PNBM. Kinase reactions were resolved by SDS-PAGE (on three separate gels) 
followed by immunoblotting with the indicated antibodies. 
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Figure 21 – Phosphorylation does not affect Dazl localization to stress granules. (A) 
HeLa cells were transfected with the indicated Dazl constructs followed by mock 
stimulation (-Ars; top panels) or stimulation with sodium arsenite (+Ars; bottom panels). 
Cells were then fixed and processed for immunofluorescence microscopy. Scale bar = 
100 µm; blue = nuclei. 
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Chapter 2.5 – Conclusions 
 
Although there has been evidence to show that MK2 is present and activated in 
the testis in response to heat or stress, little has been done to demonstrate the functional 
consequences of this activation [209, 210]. In this chapter, we have identified a novel 
substrate of MK2, the testis specific RNA-binding protein Dazl and identified the 
functional consequences of this phosphorylation in vitro and in vivo. Through activation 
of p38 MAPK and MK2, subsequent Dazl phosphorylation negatively regulates the 
function of this protein as a translational enhancer. This phosphorylation leads to a 
decreased association of Dazl with the translational protein PABP, which suggests there 
is a disruption in the formation of the translational loop complex. One outstanding 
question is whether binding of Dazl to target mRNAs stabilizes these transcripts, 
preventing mRNA mediated decay. Indeed, other RNA-binding proteins that are 
substrates of MK2 increase mRNA transcript stability (as opposed to translation 
enhancement) upon phosphorylation, making this alternative mechanism possible. In 
flies, we show that the use of phosphomimetic Dazl led to decreased protein levels of the 
meiotic factor twine, a known target of the Dazl homolog boule and an accumulation of 
pre-meiotic spermatocyte cysts.  
An intriguing aspect of this work is the regulation of meiotic G2/M progression 
by MK2-mediated phosphorylation of Dazl. MK2 plays an important role in somatic cells 
in the mitotic G2/M check- point in response to DNA damage through direct 
phosphorylation of Cdc25 [154]. Our results indicate that MK2 plays a similar, albeit 
indirect, role in meiosis through phosphorylation of Dazl, arresting the meiotic cell cycle 
due to reduced translation of Twine. 
		
82	
The primary phenotype of MK2-knockout mice is increased resistance to 
lipopolysaccharide-induced endotoxic shock due to a dampened inflammatory response 
[129]. Our data suggest that in addition to being more resistant to inflammation, MK2-
knockout male mice may also display an increased tolerance to heat-induced, germ-cell 
apoptosis. Although this remains to be tested, it opens up the possibility that MK2 kinase 
inhibitors may find utility in the treatment of male infertility. 
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Chapter 3 – Phosphorylation of the heat shock protein 
HspA1L by MK2 enhances chaperone activity 
 
Chapter 3.1 – Background on HspA1L 
In mammals, the testes are generally kept 2-8°C below core-body temperature, 
and even slight hyperthermia can result in decreased spermatogenesis [190, 191]. 
Although the reason for this is highly speculative and contentious [211], there exist 
several mechanisms for maintaining the testes at lower than body temperature. Primarily 
this includes positioning the testes outside of the body cavity in the scrotum but is also 
accomplished by counter-current heat exchange by the pampiniform plexus [212]. 
Conditions such as cryptorchidism (failure of the testes to descend) and varicocele 
(enlargement of the pampiniform plexus resulting in reduced blood flow) results in 
decreased sperm quality and infertility [213, 214]. Therefore, it is no surprise that 
spermatocytes have developed many ways of mitigating heat-induced stress using 
molecular mechanisms.  One broad class of proteins, termed heat-shock proteins (HSPs), 
are proteins cells utilize to mitigate heat stress. This group of proteins is vast and includes 
the Hsp100s, Hsp90s, Hsp70s (DnaK), Hsp60s, Hsp40s, as well as a menagerie of small 
heat shock proteins. These families of proteins broadly act as chaperones, assisting with 
protein folding and preventing aggregation, particularly under denaturing conditions such 
as hyperthermia [215-217] but also can function as signaling molecules.  
One sub-family of HSPs are the Hsp70 proteins, an ATP-dependent group of 70 
kDa-sized proteins that have a broad suite of functions throughout the cell as chaperones 
and signaling proteins, particularly in developing germ cells [218, 219]. Hsp70 is 
recognized as the most evolutionarily conserved protein, and shares 50% homology with 
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the related protein DnaK, the prokaryotic Hsp70 [220]. This family contains at least 8 
homologous chaperone proteins that differ in their expression levels, localization 
patterns, and primary amino acid sequence [221]. HspA1A, HspA1B, HspA1L, Hsp70-2, 
Hsp70-6, and Hsc70 are localized to the cytosol and translocate to the nucleus during 
cellular stress, whereas Hsp70-5 and Hsp70-9 are localized to the ER and the 
mitochondria respectively; Hsp70-5 contains a ER retention signal in its C-terminus to 
prevent its exit from the ER lumen [222]. Shared among all 8 proteins are three common 
domains including a highly-conserved N-terminal nucleotide-binding domain (NBD), a 
substrate-binding domain (SBD) located at the C-terminus and an EEVD motif, which 
plays an important role in binding to co-chaperones [223].  
The NBD and SBD are coupled by a protease-sensitive linker domain and 
function in unison to accomplish folding of client proteins in a cycle of ATP binding, 
client binding, ATP hydrolysis, and client protein release [224]. Classically, Hsp70 binds 
ATP, mainly by employing nucleotide-exchange factors (NEFs), and induces 
conformational changes that open the SBD. This opening leads to an increased affinity to 
exposed hydrophobic residues, that are present on the surface of misfolded client 
proteins. Upon client-protein binding, ATP hydrolysis occurs, often assisted by helper J 
proteins, and the SBD then adopts a closed confirmation that traps the client protein with 
the subsequent release of ADP and Pi. When the NBD binds a new molecule of ATP, this 
results in the leading an open conformation of the SBD and release of the folded client 
protein, with the process beginning again [225].  
In addition to regulation by ATP and NEFs, many Hsp70 family proteins, 
including HspA1A, HspA1B, and Hsp70-6, are regulated transcriptionally. This control 
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occurs because of the presence of heat-shock-factor-binding elements (HSE) in the 
promoter regions of these Hsp70 genes [226, 227]. Transcription factors called Heat 
shock factors (HSFs), which bind to HSEs, become stabilized during highly stressful and 
denaturing conditions, and this leads to the increased expression of inducible Hsp70 
genes [227, 228]. Upon sufficient production of Hsp70 genes, the protein product will 
negatively regulate HSFs binding to HSEs, functioning as a negative feedback loop to 
reduce transcription [227, 229, 230].  
As for the detection of the Hsp70s in tissues, HspA1A, HspA1B, Hsp70-8 are 
expressed ubiquitously [231], whereas others have been detected only in certain tissues. 
For instance, Hsp70-5 is found in most cells but is more highly expressed in secreting 
cells such as pancreatic and thyroid [232], while Hsp70-6 is expressed to a high degree in 
dendritic cells, monocytes, and natural killer cells [232]. Two Hsp70 proteins, HspA2 and 
HspA1L, are exclusively expressed in the testis [233, 234].  
HspA2 is approximately 60% homologous to HspA1L [233]. Numerous studies in 
both humans and mice have demonstrated clear roles for this protein during 
spermatogenesis. HspA2 is expressed during meiosis I in the developing spermatocyte, 
with genetic knock-out resulting in meiotic arrest, germ cell death, and infertility [235, 
236]; this initial observation led to the understanding that HspA2 plays a critical role 
during meiosis. Further evidence has shown that HspA2 associates with the synaptonemal 
complex during prophase I of meiosis I. Interestingly, the loss of HspA2 in the mouse 
resulted in failure of paired homologous chromosomes to desynapse (i.e. unpair) during 
anaphase, resulting in no observed metaphase spermatocytes [236], leading to the 
conclusion that HspA2 is important for chromosome segregation. HspA2 is also required 
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for the interaction of the cell-cycle regulators CDC2/cyclin B1 [235], making this protein 
critical for cell-cycle regulation as well. In mammals, including humans, both protein and 
mRNA levels of HspA2 are decreased in azoospermic males that are infertile [237, 238]. 
Much like murine HspA2, the expression patterns of human HspA2 also suggest that it 
functions during meiosis [233]; however, other studies using patient sperm suggest that 
HspA2 may play an important role in egg fertilization [239], specifically in the binding of 
mature sperm to the zona pellucida [240]. This suggests that HspA2 may be important for 
both meiotic progression during spermatogenesis as well as during fertilization. 
 The second member of Hsp70 class of proteins that is expressed exclusively in 
the testis is HspA1L [234]. HspA1L is highly homologous to two other Hsp70 proteins, 
HspA1A and HspA1B, sharing many domains including the ATP-binding domain and the 
substrate (client protein) binding domain. These three genes are also closely situated to 
one another within the Class III major histocompatibility region of the chromosome, a 
region containing other genes involved in immunity [241, 242]. Although HspA1L and 
HspA1A/B are highly homologous proteins, they differ greatly in their tissue-specific 
expression patterns, with HspA1L being exclusively expressed in the testis [234] and 
HspA1A/B being ubiquitously expressed in most tissues. HspA1L has been found to be 
constitutively expressed, and its expression is not induced during elevated temperatures 
or stress, due to the lack of HSE in the promoter region of HspA1L, in contrast to other 
Hsp70 proteins [234].  
The function of HspA1L has not been well characterized, however there is a 
growing body of evidence to demonstrate possible functions of HspA1L. Using a 
genome-wide RNAi screen, it was demonstrated that HspA1L functions as a positive 
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regulator of Parkin translocation to the mitochondria in HeLa cells following 
mitochondrial damage [243]. Parkin, a protein implicated to be dysfunctional in 
Parkinson’s disease [244], is an E3 ubiquitin ligase that translocates to damaged 
mitochondria, ubiquitinating outer mitochondrial proteins, inducing mitophagy, and 
eliminating these dysfunctional organelles [245]. Loss of HspA1L via knockout 
experiments led to decreased Parkin translocation to mitochondria and this translocation 
was restored with exogenous expression of HspA1L, which was not rescued by 
expression of the homologous Hspa1a [243]. Furthermore, the use of a catalytically 
inactive mutant of HspA1L (HspA1L-K73E) also did not restore translocation of 
HspA1L, indicating that the ATPase activity of HspA1L was important for this function 
[243]. Overall, these findings implicate this protein as being important for Parkin 
translocation to mitochondria and mitochondrial recycling.  
Here, we demonstrate that the testis-specific Hsp70-family member HspA1L is a 
novel substrate of MK2. Furthermore, we demonstrate that MK2-mediated 
phosphorylation of HspA1L enhances its chaperone activity. Overall, these findings 
suggest a novel mechanism by which HspA1L activity is regulated in response to heat 
stress during spermatogenesis. 
 
 
Chapter 3.2 – Methods 
Chapter 3.2.1 - Plasmids  
Generation of HspA1L mutants (S241A and S241D) were performed by PCR-
mediated site-directed mutagenesis of pCDNA-GFP-HspA1L (Addgene) with the 
QuikChange Kit (Agilent). To generate pET-28a-HspA1L, HspA1L was amplified from 
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pCDNA- GFP-HspA1L (Addgene) using PCR with primers containing BamHI and 
EcoRI restriction sites and cloned into the corresponding sites in pET28a. Generation of 
the S241A, S241D, and K73E mutations were accomplished by PCR-mediated site-
directed mutagenesis using the QuikChange Kit (Agilent).   
Chapter 3.2.2 - Bacterial Expression and Purification of HspA1L, HspA1L-S241A, 
HspA1L-S241D, and HspA1L-K73E  
BL21 (DE3) cells (Novagen, Billerica, MA) were transformed with plasmids 
encoding His-HspA1L, His-HspA1L S241A, His-HspA1L S241D, or His-HspA1L 
K73E. Protein expression was induced at 18°C for 12 h with 1 mM isopropyl-β-d- 
thiogalactoside (IPTG). After centrifugation, the pellet was resuspended in 15 ml of lysis 
buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM DTT, and 1 mM EDTA with protease 
inhibitors [Roche]). The lysate was sonicated on ice and centrifuged at 20,000 × g for 20 
min at 4°C. The supernatant was added to 0.5 ml (packed volume) of nickel agarose 
beads (Gold Biotechnology, St. Louis, MO) and incubated at 4°C for 12 h with end-over-
end tumbling. The slurry was transferred to a column and washed extensively with wash 
buffer. His-fusion proteins were eluted with excess imidazole in lysis buffer (pH 7.4), and 
appropriate fractions were pooled. The protein was dialyzed overnight at 4°C into 
dialysis buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 1 mM DTT). Glycerol was added to 
a final concentration of 10%, and the proteins were snap-frozen and stored at −80°C.  
Chapter 3.2.3 - Kinase Assay 
Recombinant His-tagged MK2 (SignalChem) was incubated with 20 µg of His-
HspA1L WT, S251A, or K73E in kinase reaction buffer (50 mM HEPES, pH 7.5, 0.65 
mM MgCl2, 0.65 mM MnCl2, 12.5 mM NaCl) with 500 µM ATP or ATPγS, as 
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indicated. Kinase reactions were incubated at 30°C for 30 minutes. Following incubation, 
PNBM (dissolved in dimethyl sulfoxide [DMSO]) was added to a final concentration of 
2.5 mM, and reactions were incubated at room temperature for 1 h, followed by the 
addition of 6x boiling sample buffer to stop the reaction. Reactions were then resolved by 
SDS–PAGE, followed by immunoblotting with the indicated antibodies. 
 
Chapter 3.2.4 - Luciferase Refolding Assay  
QuantiLum Recombinant Luciferase (Promega) was diluted in denaturing buffer 
(25mM HEPES pH 7.4, 50 mM KCl, 5 mM MgCl2, 6M Guanidine HCl, 5 mM DTT) to a 
final concentration of 2.48 µM and incubated at 25°C for 40 minutes. 2 µL of denatured 
luciferase was then added to 125 µL of refolding buffer (25 mM HEPES pH 7.4, 50 mM 
KCl, 5 mM MgCl2, 1 mM ATP) supplemented with 4 µg of the appropriate purified His-
HspA1L WT, S241D mutant in dialysis buffer (20 mM Tris pH 7.4, 150 mM NaCl, 1 
mM DTT) or just dialysis buffer with no protein in a 96-well plate. Refolding was 
performed for the indicated times at 25°C. After refolding, 20 µL of Luciferase Assay 
Reagent (Promega), which was diluted 1:1 in refolding buffer was added to each well and 
read using a 1450 MicroBeta JET Microplate Scintillation and Luminescence Counter 
(Wallac). 
 
Chapter 3.2.5 – Maintenance and Transfection of Cell Lines 
HEK293 cells were grown in DMEM supplemented with 10% fetal bovine serum 
(FBS) and penicillin/streptomycin. Cells were grown at 37°C in 5% CO2. HEK-293 cells 
were transfected using Lipofectamine 2000 reagent (ThermoFisher SKU# 11668-019) 
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using recommended protocol. Briefly, Lipofectamine was prepared in Opti-MEM 
reduced serum media, Glutamax Supplement (ThermoFisher CAT#51985034). 
Separately, 2 ug of DNA was prepared in Opti-MEM reduced serum media, Glutamax 
Supplement. The Lipofectamine and DNA mixtures were incubated separately at room 
temperature for 5 minutes and then combined and incubated at room temperature for 10 
minutes. Lipofectamine/DNA mixtures were added dropwise to 6-well tissue culture 
plates with 2 mL of Dulbecco’s Modified Eagle’s Medium (Caisson CAT#DML10-
500ML) supplemented with 10% Fetal Bovine Serum and incubated overnight.  
 
 
Chapter 3.3 – Results 
 
Chapter 3.3.1 - HspA1L is a novel substrate of MAPKAP Kinase 2 
To explore novel roles of MK2 in the cell, we previously performed a proteomics-
based screen to identify novel substrates of this kinase [246]. Using this approach, we 
identified the heat shock protein HspA1L as a putative substrate. HspA1L, also referred 
to as Hsp70-hom is a class III MHC-linked protein, which shares homology with two 
others of this class, HspA1A/B and has a somewhat ambiguous function in the cell [30]. 
HspA1L is highly expressed in the testis compared to all other tissues in both humans and 
mouse [31, 32]; however, the ability of HspA1L to respond to exogenous stresses such as 
heat has not been explored. 
 To validate HspA1L as a substrate of MK2, we utilized an in vitro kinase assay. 
To this end, His-tagged HspA1L was purified using standard bacterial purification 
techniques (Figure 22A) and incubated with constitutively active MK2 to look for 
phosphorylation of HspA1L. Results demonstrate that when both MK2 and His-HspA1L 
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were incubated together, there is the presence of a band of the appropriate molecular 
weight in the thiophosphate ester blot that is not present with either MK2 or HspA1L 
alone (Figure 22B), demonstrating that HspA1L is a bona fide substrate of MK2 in vitro.  
 To determine the site(s) of phosphorylation by MK2, we utilized a bioinformatics 
approach to identify possible residues being phosphorylated by MK2. MK2 is known to 
target a primary consensus sequence of Xaa-Xaa-Hyd-Xaa-Arg-Xaa-Xaa-Ser-Xaa-Xaa, 
where “Hyd” is a bulky hydrophobic residue; hierarchy such that Phe > Leu > Val > Ala 
[131]. We identified one residue, S241 within the ATP-binding domain of HspA1L that 
has a similar primary sequence surrounding this serine (Figure 23A). To test this, we 
utilized site directed mutagenesis to mutate S241 to an alanine. This mutant protein was 
expressed and purified from bacteria (Figure 26A). When bacterially purified His-
HspA1L-S241A was incubated with constitutively activated MK2 in our in vitro kinase 
assay system, there was no signal to indicate phosphorylation of this mutant compared to 
wild type (Figure 23B). Overall these data demonstrate that HspA1L is a bona fide 
substrate of MK2 and that HspA1L is modified solely at serine 241 within the ATP 
binding domain of this protein. 
 
Chapter 3.3.2 - Phosphorylation of S241 enhances HspA1L in vitro folding activity 
 HspA1L acts a chaperone to assist in folding of its client proteins. To date, there 
has been no report of any functional post-translational modification of HspA1L. To 
determine if MK2-mediated phosphorylation of HspA1L at S241 affects its ability to act 
as a chaperone, we utilized an in vitro luciferase refolding assay [247]. Briefly, purified 
luciferase was incubated in denaturing buffer and allowed to unfold. Denatured luciferase 
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was then incubated with a fixed concentration of either wild type HspA1L or the 
phosphomimetic mutant HspA1L S241D, and luciferase activity, measured by production 
of luciferin was measured. As shown, wild type HspA1L had virtually no refolding 
ability over time and was only slightly higher than baseline (Figure 25). Surprisingly, 
with the use of the phosphomimetic mutant, folding of luciferase was enhanced 
dramatically over control or wild-type (Figure 25). This demonstrates that the use of a 
phosphomimetic mutant (that mimics phosphorylation of S241 by MK2) leads to the 
enhanced ability of HspA1L to fold client proteins.  
 To confirm that the observed refolding of luciferase was not due to a gain-of-
function caused by phosphomimetic mutation of this residue, we coupled the previously 
described kinase assay with the luciferase refolding assay. When His-HspA1L was 
incubated with MK2 to generate phosphorylated HspA1L, the refolding activity was 
increased over non-phosphorylated HspA1L and was comparable to HspA1L S241D, 
although slightly less. Furthermore, when luciferase refolding occurred in the presence of 
a kinase-dead mutant (His-HspA1L-K73E), the refolding activity was comparable to 
control (Figure 24A), despite phosphorylation of this mutant (Figure 24B). These results 
demonstrate that phosphorylation of HspA1L by MK2 at S241 increases its chaperone 
activity. 
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Chapter 3.4 – Chapter 3 Figures 
 
Hspa1 
Member 
Tissue 
Specificity Expression Functions Localization 
Hspa1a/b 
(Hsp70-1a/b) 
Spleen, 
heart, 
uterus, 
skeletal 
muscle, 
lung [248] 
Inducible (heat, 
HSFs) [248, 249] Chaperone 
Cytoplasmic, 
Nuclear with 
heat stress 
Hspa1L 
(Hsp70-hom) 
Testis[248, 
249] constitutive
[248] 
Chaperone, Parkin 
mitochondrial 
Localization[243] 
Cytoplasmic, 
punctate 
nuclear with 
heat stress 
HspA2 
(Hsp70-2) 
High 
expression 
in the testis 
Inducible 
(heat)[219] 
Chaperone, associated 
with the SYCP 
complex in 
spermatocytes during 
meiosis and interacts 
with SHBP1L.[236] 
Knock out in mice 
results in infertility.[218] 
Cytoplasmic, 
Nuclear with 
heat stress 
 
Table 3 – Table of HspA1A/B, HspA1L, and HspA2. Shown are tissues in which 
expression was detected, whether the protein is inducible with heat or constitutively 
expressed, the known cellular functions, and localization within the cell under basal 
conditions or in response to hyperthermia. 
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Figure 22 – Purified HspA1L is phosphorylated by MK2.  (A) Shown are SDS-PAGE 
gels stained with Coommassie blue of indicated fractions from expression and 
purification of His-HspA1L. (B) His-HspA1L was incubated in the presence or absence 
of active recombinant MK2 and ATPyS, followed by treatment with PNBM. Kinase 
reactions were resolved by SDS-PAGE, followed by immunoblotting with the indicated 
antibodies.  
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Figure 23 – Hspa1L is phosphorylated at a conserved residue Serine S241. (A) 
Domain map of Hspa1L, including the ATP-binding domain (dark blue), Peptide binding 
domain for substrate recognition(green), Variable binding domain (light blue), and the 
EEVD domain (red). Shown below is sequence comparison between human and mouse 
Hspa1L and the other Hsp70 proteins HspA1A/B, which do not conserve serine 241. (B) 
WT or S24A1 His-tagged HspA1L proteins were incubated with active, recombinant 
MK2 and ATPyS, followed by treatment with PNBM. Kinase reactions were resolved by 
SDS-PAGE, followed by immunoblotting with the indicated antibodies.  
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Figure 24 – Phosphorylation of HspA1L at S241 increased chaperone activity that is 
dependent on catalytic activity. (A) Purified His-HspA1L which were either incubated 
with active, recombinant MK2 and ATP or not, were used in a luciferase refolding assay. 
Bars represent fold change in luciferase signal between 15 minutes incubation and 0 
minutes incubation. Average of 3 independent experiments, Error bars indicate standard 
deviation *p < .05 as calculated by a Student’s t test, not significant (n.s.). (B) Western 
blot of kinase assay using purified His-HspA1L WT, K73E, or S241A incubated with 
active, recombinant MK2 followed by incubation with PNBM. Kinase reactions were 
resolved by SDS-PAGE followed by immunoblotting with indicated antibodies.  
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Figure 25 – HspA1L-S241D has enhanced chaperone activity. (A) Refolding of 
luciferase denatured for 40 minutes and then incubated with His-HspA1L-WT or His-
HspA1L-S241D for the indicated time points. Points indicate fold change over time zero. 
Average of 3 independent experiments, Error bars indicate standard deviation *p < .05 as 
calculated by a Student’s t test. 
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Figure 26  – Purification of His-HspA1L-S241A and His-Hspa1L-S241D. Shown are 
SDS-PAGE gels stained with Coommassie blue of indicated fractions from expression 
and purification of (A) His-HspA1L-S241A and (B) His-Hspa1L-S241D.  
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Figure 27 –  Purification of His-HspA1L-K73E. SDS-PAGE gels stained with 
commassie of protein purification of (A) His-HspA1- K73E 
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Chapter 3.5 – Conclusions and Future Directions 
This work demonstrates novel site-specific phosphorylation of the testis-specific 
chaperone protein HspA1L by the stress-induced protein kinase MK2. Overall, 
phosphorylation of HspA1L at the conserved residue serine 241 results in increased 
refolding in an in vitro refolding assay. Thus, activation of the p38 MAPK-MK2 stress 
signaling axis and subsequent phosphorylation and activation of HspA1L provides a 
putative mechanism for cells to mitigate exogenous stresses. This is likely accomplished 
through the enhanced chaperone activity of HspA1L upon phosphorylation by MK2. 
Interestingly, another well-defined substrate of MK2 is the small heat shock 
protein Hsp27. Hsp27, which exists in a multimeric complex when unphosphorylated, is 
completely or partially dissociated in response to MK2 phosphorylation [164, 166]. 
These monomeric Hsp27 molecules function in the decapping of actin polymers, 
cytoskeletal rearrangements, and results in increased cell migration [160, 161, 167, 250]. 
It is intriguing that MK2 phosphorylates multiple types of heat shock proteins, although 
perhaps not surprising given the central role of MK2 in regulating the cellular stress 
response. These findings thus expand upon what is known regarding MK2-dependent 
regulation of heat shock proteins. 
Previous findings have demonstrated that MK2 phosphorylates the RNA-binding 
protein deleted in azoospermia-like (Dazl) [246]. However, this phosphorylation 
negatively regulated the function of Dazl to enhance target mRNA translation, with the 
overall effect of decreasing germ-cell survival. This finding directly conflicts with what 
has been demonstrated here with HspA1L, in that phosphorylation positively regulates 
the function of this protein, with the overall effect of enhancing protein function and 
survival. One explanation for this is that while Dazl is present during early gonad 
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development in the primordial germ cells through spermatogenesis until meiosis II [251], 
whereas HspA1L mRNA and protein has only been detected later during spermiogenesis, 
in early and elongated spermatids [252]. Because of the differential expressions patterns 
of Dazl and HspA1L, MK2 can become activated at different times during 
spermatogenesis resulting in different cellular outcomes. With Dazl phosphorylation 
early on, when the genome is more sensitive to mutations, meiotic arrest in germ cells is 
more important.  However with HspA1L phosphorylation, in late spermatids that are 
quiescent, cells merely need to mitigate stress, preventing DNA mutations from 
occurring. 
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Chapter 4 – Conclusions and Future Directions 
 
Chapter 4.1 – Conclusions 
Male and female germ cells are the basic cellular units required for the production 
and development of new offspring. To produce offspring that are viable and healthy, the 
genetic information contained within these cells must be preserved with a high degree of 
accuracy while preventing the development of mutations in the genetic code, which could 
lead to miscarriage, genetic defects, and developmental abnormalities. Both somatic and 
germ-line mutations can arise from a host of exogenous factors including radiation [253, 
254], oxidative stress [255], and hyperthermia [256]. While cells have developed a suite 
of DNA damage repair and response mechanisms, a more prudent and proactive method 
of preventing DNA damage is through the mitigation and management of these stresses 
using molecular signaling cascades.  
In this dissertation, we have focused on the novel roles that p38 MAPK and its 
effector kinase MK2 have in the developing male germ cells and the possible 
implications this may have in the cellular response to stress. We have done this through 
the identification of two novel substrates of MK2, HspA1L and Dazl that were identified 
from a proteomics based screen, and validated using molecular or cellular based methods 
(or both). It is intriguing that both substrates identified are expressed almost entirely in 
the developing male germ cells, while homologous proteins that are ubiquitously 
expressed were not significant in our screen. While speculative, this reasoning does 
indicate that MK2 has many putative functions in developing germ cells, which has never 
been reported previously.  
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In developing spermatocytes, specifically during the early stages of meiosis, 
spermatocytes experience a period of transcriptional silence [257], which requires 
alternative mechanisms of gene expression to be utilized. Implicated in the process are 
numerous RNA-binding proteins that control the post-transcriptional regulation of 
subsets of mRNAs important for spermatogenesis [258]. As an RNA-binding protein, 
Dazl has a large subset of mRNAs it is known to target via a consensus sequence located 
within the 3’UTR of these mRNAs; this sequence is long strings of uracils interspersed 
with guanines (e.g. UUUUUGUUG…). In any other context, the ambiguity of this 
sequence might lead to aberrant translation of target mRNAs; however, because of the 
highly specific and exclusive expression of Dazl during spermatogenesis, the translation 
of mRNAs only occurs at very specific times. In a normal context, Dazl functions as a 
positive regulator of mRNA translation, recruiting PABP to mRNAs most likely to assist 
in the formation of the translational loop structure. In developing germ cells, the poly-A 
tails of mRNA are often truncated to inhibit translation. Therefore, the ability of Dazl to 
recruit PABP to the 3’ tail of target mRNAs functions as a stand-in for the absence of a 
poly-A tail.  
First, we have found that MK2 phosphorylates the germ-cell specific RNA-
binding protein Dazl at the conserved amino acid serine 65, located within the RNA-
binding domain of this protein. Further experiments demonstrated that while the co-
expression of Dazl with a luciferase reporter containing the canonical 3’UTR of sycp3 in 
cells led to increased translation of luciferase, co-expression of a phosphomimetic Dazl 
mutant was functionally inactive. Further evidence using immunoprecipitation 
experiments showed that the association of the exogenously expressed phosphomimetic 
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Dazl with endogenous PABP decreased in cells compared to WT Dazl. Overall, these 
findings demonstrate that the MK2-mediated phosphorylation of Dazl leads to decreased 
function of Dazl as a translational enhancer. 
 Further experimentation in vivo using the Drosophila system shows that with the 
loss of the Dazl homolog boule, there is a block in meiosis and the accumulation of the 
pre-meiotic 16-cell spermatocyte cysts in the testis of these flies. The expression of 
human Dazl in these flies rescues the meiotic block observed with boule loss, with the 
appearance of the phenotypically characteristic, 64-cell, onion stage cells, indicating that 
human Dazl can functionally replace Drosophila boule. However, this rescue was not 
observed with the use of the phosphomimetic human Dazl, where serine 65 was mutated 
to an aspartate residue. Additionally, there is a loss of translation of the meiotic factor 
twine with the phosphomimetic human Dazl mutant that is rescued with the use of WT 
Dazl, indicating that this mutation results in insufficient twine production. This data 
demonstrate a novel post-translational modification of the RNA-binding protein Dazl, 
which negatively regulates its function and ultimately halts the progression of 
spermatogenesis. 
The mechanism proposed here provides evidence as to how germ cells exposed to 
stress inhibit or permanently block meiotic progression via Dazl phosphorylation, which 
could otherwise lead to the development of mutations, misfolded proteins, or other 
dysfunctional organelles, ultimately preserving the integrity of these cells, deterring the 
development of less-than fit gametes.  
The timing and duration of the stress could be important as well. With a 
temporary stress that instigates repairable damage, meiotic arrest can occur for a short 
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period while DNA repair, organelle biogenesis, and protein refolding can happen. 
However, if the stress occurs for extended periods of time (as is the case with prolonged 
toxin exposure or cryptorchidism), other cellular pathways including p38 MAPK can 
override meiotic arrest and result in apoptosis. Indeed, with loss of Dazl, meiotic arrest of 
type B spermatagonia occurs, and there is an absence of post-meiotic spermatids. 
Although inhibition of Dazl function as we have shown here is probably not commiserate 
with total protein loss as in a knock-out, the parallels can be drawn between the two, with 
consistent Dazl inhibition by phosphorylation also leading to apoptosis in pre-meiotic 
spermatocytes.   
HspA1L is a Hsp70 family chaperone protein that assists in folding denatured 
client proteins. In this dissertation, we demonstrate that phosphorylation of this protein at 
serine 285 led to an enhancement of its chaperone activity and ability to refold denatured 
luciferase. In the context of cellular stress, the positive regulation of a chaperone by the 
stress-activated kinase MK2 demonstrates that cells could potentially utilize this 
mechanism to assist in mitigating cellular stresses partially though this kinase-substrate 
interaction. In addition, because HspA1L has other known functions in the cell (such as 
its interaction with Parkin [243]), further experiments in cells and in vivo will need to be 
done to determine other possible implications of HspA1L phosphorylation. 
Overall, this dissertation begins to uncover novel roles of MK2 in the process of 
spermatogenesis and in mitigating cellular stress. As these proteins are expressed either 
exclusively in the testis in the case of HspA1L or in germ cells such is Dazl, the 
interaction of MK2 with these substrates represents mechanisms by which MK2 can 
potentially function to maintain germ-cell integrity. At first glance, MK2 appears to be 
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functioning in conflicting ways. In the case of Dazl, MK2 phosphorylation results in the 
reduced function of this protein and overall negative regulation of germ-cell development 
and viability. In contrast, MK2 phosphorylation of HspA1L leads to an enhancement of 
substrate function, and a potentially positive impact on cellular survival. If MK2 becomes 
activated, it would be self-defeating to both enhance and decrease cellular survival at the 
same time. However, if we look at the expression differences between Dazl and HspA1L, 
this confliction can be resolved (Figure 28). 
 In the mouse, spermatogenesis takes 34 days for an undifferentiated germ cell to 
develop into fully differentiated spermatozoa, with variation in the levels of gene 
expression accompanied by gross changes in both phenotype and genotype occurring 
during this time. Dazl is expressed early during both in gonad development during 
embryogenesis as well as during the early stages of spermatogenesis until the end of 
meiosis after which protein levels decrease [251, 259]. On the other hand, HspA1L has 
been detected almost exclusively in spermatids during the process of spermiogenesis and 
its expression persists in fully differentiated spermatozoa [252]. Therefore, the expression 
of these two proteins is non-overlapping, and it becomes easier to justify how MK2 
activation can result in two completely different cellular outcomes. For instance, it may 
be important early on in spermatogenesis to negatively impact cell survival (as is the case 
with Dazl phosphorylation by MK2), perhaps as a stopgap measure to eliminate damaged 
cells and produce fit germ cells. By inhibiting cellular progression through meiosis, cells 
decrease the risk of DNA damage from occurring, with mutations being carried on into 
subsequent daughter cells.  In contrast, once elongated spermatids are fully differentiated 
and must survive stressful conditions both in the testis and beyond, it becomes less about 
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maintaining cell fitness and more about cellular survival. Another possibility is that 
phosphorylation of HspA1L is required for a developmental or cellular process. For 
instance, a homolog of HspA1L is the testis specific HspA2, a Hsp70-family protein, 
which has been shown to be important for meiosis and later, during the capacitation 
reaction, when the sperm fertilizes the egg. In this way, phosphorylation of HspA1L 
could be the result of the upstream activation of the p38 MAPK pathway during normal 
cellular function, with phosphorylation of HspA1L required for its function in sperm.  
The use of p38 and MK2 inhibitors as treatments for male factor infertility 
This dissertation establishes the multifaceted role of MK2 during spermatogenesis 
and demonstrates the complexity of designing interventions to treat infertility. For 
instance, in patients with hyperactive p38 MAPK/MK2 due to cellular stress, infection, or 
elevated temperatures, one could imagine the benefit of using small molecule inhibitors 
of MK2 to prevent the phosphorylation of Dazl, for instance, and thereby prevent meiotic 
arrest. However, the use of this same inhibitor would also affect MK2 activity in late 
spermatids and inhibit phosphorylation of HspA1L, mitigating the enhanced function of 
this protein with potential detrimental effects on fertility. Therefore, the use of MK2 
kinase inhibitors alone to treat male infertility is likely not a rational option.  However, 
these studies do raise the possibility of using activated p38 and MK2 as potential 
biomarkers to identify the underlying molecular cause of idiopathic male factor 
infertility. 
Chapter 4.2 - Future Directions 
We have uncovered novel roles of MK2 in mediating cellular stress through 
phosphorylation of substrates during spermatogenesis. However, the p38 MAPK pathway 
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has also been implicated during germ cell development under normal, physiological 
conditions [106]. Specifically, it has been demonstrated that p38 MAPK becomes 
activated early on during embryogenesis and has a role in gonad development and sex 
differentiation [106]. Shortly after migration of the gonocytes, the cells that give rise to 
sperm, to the sites of the future testis or ovaries (E10.5 in mice, 4-5 weeks in humans), 
XY (male) gonocytes exit the cell cycle into the G0 phase and become quiescent until 
after birth. On the other hand, XX (female) gonadocytes do not enter G0 and continue 
into meiosis [260, 261]. Activation of p38 MAPK in male germ cells was found to be 
required for this mitotic arrest and the use of p38 MAPK inhibitors reverses this effect 
resulting in XY gonocytes entering meiosis before birth and displaying a female-like 
phenotype [106].  
With this evidence in mind, it would be intriguing to determine whether the 
activation of p38 MAPK also leads to the activation of MK2 and if MK2 phosphorylation 
of Dazl affects meiotoic arrest during gonocyte development. We propose that with the 
activation of the p38 MAPK/MK2 axis in male, XY gonocytes, this leads to 
phosphorylation of Dazl, negatively regulating its function, with the overall effect of 
stalling meiosis. Conversely, in female gonocytes, the inactivation of p38 MAPK/MK2 
results in unphosphorylated, functional Dazl and progression through meiosis by the 
production of factors such as Sycp3. Dazl is known to be expressed and necessary during 
this period of development [262], so it would be intriguing to determine if Dazl 
phosphorylation of MK2 occurs during this time and if this could provide a mechanistic 
understanding to this phenomenon. First, we would obtain mouse embryonic gonads and 
utilize western blotting techniques and immunohistochemistry to determine if both p38 
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MAPK and MK2 are activated and use our pDazl (S65) antibody to detect for 
phosphorylation of Dazl at this residue. Additionally, using the p38 MAPK inhibitor 
SB203580 administered to the mice, determine if this can inhibit activation of both the 
pathway and phosphorylation of Dazl within the gonocytes, and measure meiotic 
progression by protein and mRNA levels of Scyp3; Sycp3 has been shown to be 
expressed during this time [106]. To further determine if pDazl is necessary for meiotic 
arrest, using transgenic XY gonocytes with knockout of endogenous Dazl and the 
expression of a Dazl S65A transgene in the gonocytes, determine if these cells develop a 
comparable phenotype to p38 MAPK inhibition – mainly, meiotic arrest.   
In addition to Dazl and HspA1L, another substrate was identified in the 
proteomics based screen, Nanogp8, that was subsequently validated using our in vitro 
kinase based assay, and While the implications of post-translational modification of this 
protein are still being investigated, the fact that Nanog is also important for stem-cell 
maintenance and germ cell biology perhaps further demonstrates a possible function of 
MK2 during embryogenesis and gonad development. Nanog is a transcription factor 
required for stem-cell maintenance [263] and has been shown to be present and important 
during early primordial germ-cell (PGC) migration and differentiation [264-266]. More 
specifically, Nanog is a negative regulator of PGC migration, with decreased expression 
of Nanog leading to aberrant PGC migration. Although speculative, it is possible that 
phosphorylation of Nanog by MK2 could play a role in modulating Nanog function, 
acting as a molecular switch during germ cell development and/or spermatogenesis. As of 
this dissertation, it is unclear as to which sites of Nanog are being phosphorylated; 
however, there are some candidate residues that match a typical MK2 consensus 
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sequence [267]; These are serine 150 and 285. Serine 150 is especially intriguing as it is 
located within the homeobox domain, which is responsible for Nanog-DNA binding. 
Therefore, phosphorylation could be functioning as a molecular switch, affecting Nanog-
DNA binding and changing expression of Nanog target genes.  
 This dissertation describes emerging functions for the protein kinase MK2 during 
spermatogenesis. More broadly, we have developed a pipeline to validate and 
characterize novel substrates of this kinase both in vitro and in vivo. Although two 
substrates have been explored in depth in here, many other potential novel substrates 
remain to be validated and characterized. Interestingly, in addition to the two genes 
expressed in the testis and that are explored here, there are several other proteins that are 
also important for germ cell development identified as putative substrates. Overall, our 
results firmly establish MK2 as a kinase important for spermatogenesis  and suggest that 
this kinase may have additional unidentified functions in the regulation of germ cell 
biology.  
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Chapter 4.3 – Chapter 4 Figures 
 
 
	
Figure 28 – Mechanisms of MK2 mediated phosphorylation of the novel substrates 
Dazl and HspA1L. (Left) Upon p38 MAPK/MK2 activation in early spermatocytes, 
Dazl is phosphorylated and this leads to its dissociation from PABP, negatively 
regulating translation of meiotic factors, leading to meiotic arrest. (Right) Upon p38 
MAPK/MK2 activation in late spermatids, HspA1L is phosphorylated, leading to the 
enhancement of its protein folding activity. Shown below are expression patterns of Dazl 
and HspA1L during embryogenesis and differentiation.  When is MK2 expressed? You 
should add this.  
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